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Reniform nematode, Rotylenchulus reniformis is a semi-endoparasitic nematode
infecting over 300 plant species including important fiber crops like cotton. Introgression
of reniform nematode resistance from a distantly-related resistant species Gossypium
longicalyx into cultivated upland species Gossypium hirsutum has been a challenge. An
approach towards achieving nematode resistance in crop plants has been to identify
candidate parasitism genes expressed in the nematode facilitating infection of host plant
species, and silencing the same through reverse genetic approaches like RNAi. A cDNA
library constructed from the sedentary female stage of reniform nematode revealed an
EST coding for C-type lectins and occurring in high frequency.
Identification and characterization of C-type lectins in reniform nematode is
important in understanding the immune system of nematode and in planning strategies for
the development of reniform nematode resistant cotton varieties. A total of 11 C-type
lectin gene family members were identified across six life stages of reniform nematode,
with each member expected to play a significant role in the development and parasitic
establishment with the host plant. Conserved sites characteristic of C-type lectins found
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in other organisms have been identified in the C-type lectin genes in reniform nematode
for binding of Ca+2 and mannose. The highest level of expression of C-type lectins was
observed in the sedentary female stage indicating it to be possibly the most sensitive
stage to microbial infection and so a likely stage to target for its management. The site of
secretion of C-type lectins in the sedentary female stage could be identified by in situ
hybridization as the hypodermal region of the exposed posterior body region which is not
inserted into the host root tissue.
Phylogenetic analyses of C-type lectin domains of various nematode groups
placed the plant-parasitic nematodes in one group indicating the possibility of coevolution and probably carrying out a similar function aiding in the establishment of
parasitism with host plants. Our findings now extend the spectrum of known nematode Ctype lectin genes and suggest that lectin activity might be a more general feature of
parasitism which could be explored in better understanding the interactions occurring at
the host-nematode and nematode-pathogen interfaces.
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CHAPTER I
INTRODUCTION
Reniform Nematode
Nematodes are the most numerous multi-cellular species on earth. Some
nematode species are free-living while others are parasitic in nature. There are an
estimated 27,000 species of nematodes of which about 11,000 are free-living and 16,000
have been identified as parasites. Among the parasitic nematodes, about 4,110 species are
plant-parasitic, one among which is the reniform nematode, Rotylenchulus reniformis
Linford & Oliveira. Reniform nematode is a semi-endoparasitic nematode that infects the
roots of more than 300 plant species in the tropical, sub-tropical, and warm-temperate
regions (Robinson et al., 1997). Reniform nematode infection causes severe economic
losses to cotton, an important fiber crop that can exceed $250 million, annually
(Blasingame, 2006). Efforts are on to introgress the reniform nematode resistance
identified in a distant related species of cotton Gossypium longicalyx into the cultivated
upland species Gossypium hirsutum (Robinson et al., 2007).
The life cycle of reniform nematode is like any other plant-parasitic nematode
involving four molts in its development from egg to adult stage. Second-stage juveniles
(J2) hatch from eggs in the soil with the first molt from J1 to J2 occurring inside the egg.
Unlike most other sedentary plant-parasitic species, reniform nematode J2 do not infect
their host but instead proceed with three additional molts, through the J3 and J4 stages,
resulting in the development of either vermiform adult male or female. The adult female
1

infects the host plant with its stylet and forms a feeding site called syncytium, which is
formed by the partial dissolution of cell-walls of 100-200 cells that surround the initial
syncytial cell (Heald, 1975; Rebois et al., 1975). Once the feeding site is established, the
female gradually attains the characteristic reniform (kidney) shape. Upon fertilization by
the male, the sedentary female lays eggs in batches of 150-200 covered in a mucilaginous
matrix. The eggs hatch under favorable conditions and continue the life cycle. So far,
nematicides alone have been the only means of nematode-management but with cost and
raising environmental concerns, there is an urgent need to develop resistant cotton
varieties either through conventional breeding approaches or by employing reverse
genetic approaches like RNAi.
Lectins
Lectins are proteins with at least one non-catalytic domain that binds reversibly to
a specific carbohydrate (Sharon and Lis, 1972). Lectins are simply defined as sugarbinding proteins. The term lectin was derived from the Latin word ‘legere’ which means
‘to select’. The first lectin discovered in 1888 by Stillmark was the plant lectin ‘ricin’, a
toxic hemagglutinin found in castor. The first lectin isolated in crystal form was
Concanavalin A, the jack bean lectin, along with the enumeration of its carbohydrate
binding specificity and the localization of its binding site using X-ray crystallography
(Goldstein, 1977).
Lectins are found in all organisms, including viruses, and perform a broad range
of functions; however, they specialize as pathogen recognition molecules (Sharon and
Lis, 1989). Cell-cell interactions are initiated by lectins upon contact with complementary
carbohydrates on opposing cells (Sharon and Lis, 1989). Lectins are usually non2

enzymatic in function and have a non-immune origin. Lectins are a large family of
proteins comprised of many members with specific characteristics carrying out specific
functions. Each family of lectins has a conserved domain(s) which regulates the
function(s) of its members by recognizing specific carbohydrate molecules on the surface
of the opposing cells; however, some plant lectins have been reported to also bind
additional non-carbohydrate ligands. Legume lectins, a group of plant lectins, are
probably the most well studied lectins. Most legume seeds are known to have high lectin
content which upon consumption without proper cooking or in large quantities can lead
to toxicity by binding to the microvilli in the intestinal column.
C-type Lectins
One among the many lectin families is C-type lectins (CTLs), which require
calcium for their ligand-binding activity. Ca+2-dependent carbohydrate binding is an
evolutionarily conserved feature of most common C-type lectin-like domains in insects,
invertebrates, and vertebrates (Zelensky and Gready, 2005). The first lectin discovered in
animals in 1906 was asialoglycoprotein receptor, a C-type lectin and a conglutinin found
in bovine liver cells (Kilpatrick, 2002). CTLs are a large family of proteins with many
members found throughout the animal kingdom, sharing structural homology in their
high-affinity carbohydrate recognition domains. Each family member has a conserved
domain with a calcium binding site and a ligand-binding site(s) to recognize specific
carbohydrate molecules and initiate the process of ligand binding.
The CTL carbohydrate recognition domain in most organisms ranges between
115-160 amino acids with a recognizable consensus sequence and four (short-form) or six
(long-form) conserved cysteine residues which form stabilizing disulfide bridges (Kong
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et al., 2011). Within the cell, CTLs may exist as monomers or oligomers derived from
one or more genes. Clustering of the carbohydrate recognition domain may be important
to the binding ability and specificity of each C-type lectin family member. Besides
carbohydrates as ligands, some C-type lectin-like domains have evolved to specifically
recognize protein, lipid, or inorganic ligands such as snake venoms and fish anti-freeze
(Zelensky and Gready, 2005).
For the most part, CTLs are trans-membrane proteins, while some are soluble
which are secreted from the cells lining the epithelial layers. Trans-membranous CTLs
are broadly classified into three types: selectins, type-I, and type-II. Selectins have the
carbohydrate recognition domain at their N-terminus. Type-I CTLs have an N-terminal
cysteine-rich repeat with multiple carbohydrate binding domains while type-II CTLs
have the carbohydrate recognition domain at the C-terminal and a trans-membrane
domain close to the N-terminus. Conversely, most of the soluble CTLs, such as lecticans
and collectins, have the carbohydrate recognition domain in the vicinity of their Ctermini. Based on specific and various functions, the vertebrate CTL superfamily is
divided into 17 groups while no such classifications exist for invertebrate CTLs, although
some of them perform similar functions as collectins and selectins in vertebrates
(Zelensky and Gready, 2005; Yang et al., 2010).
Innate Immunity
Innate immunity is defined as the first line of defense against pathogen infection
in any organism. It is an evolutionarily older defense strategy compared to the adaptive
immune system in vertebrates and is the only defense mechanism found in invertebrates,
plants, and microorganisms. Innate immunity is also defined as non-specific immunity as
4

it is only temporary and usually supplanted by the adaptive immune response, as in
vertebrates. The details on the innate immune system in invertebrates have not yet been
completely investigated. Although there has been a general notion that adaptive immune
responses are lacking in invertebrates, a large number of highly variable immuneresponse molecules identical to the members of immunoglobulin super family (IgSF) of
vertebrates have been identified in various invertebrate groups (Ottaviani, 2011). It is
through these molecules that invertebrates are believed to possess immunological
memory, a phenomenon essential to direct the cell machinery to respond upon reinfection by a pathogen, which in vertebrates is facilitated by antibodies produced during
the adaptive immune response (Ottaviani, 2011). This raises the question as to whether
the distinction between innate and adaptive immunity in invertebrates, including
nematodes, is still as clear-cut as previously thought and if there exists a closer
correlation between specificity and immunological memory in invertebrates.
Literature Review
Lectins and C-type Lectins
Lectins are found in all organisms, where they perform a broad array of functions.
In most host-parasite interactions involving microbes, plants and animals, upon contact
with each other, the parasite and the host recognize each other through the conserved
domains of their respective C-type lectins (CTLs), which identify specific sugar moieties
on the cell surfaces of opposing cells (Weis et al., 1998). In most plant and animal
pathogens, CTLs are known to facilitate host-cell recognition (De Hoff et al., 2009),
binding (Goldstein et al., 1977) and subsequent infection (Weis et al., 1998; Loukas and
Maizels, 2000). Most CTLs have either four or six conserved cysteine residues that form
5

disulfide bridges in order to stabilize the protein structure. For example, LvLec, a CTL
characterized from the shrimp Litopeneaeus vannamei (Zhang et al., 2009b) and SmLec1,
a CTL from turbot, Scopthalmus maximus (Zhang et al., 2010) were found to have four
cysteine residues in the carbohydrate recognition domain which are involved in disulfide
bridge formation, while six cysteines were reported in Chinese mitten crab, Erichoeir
sinensis (Zhang et al., 2011) and most other CTLs identified in various organisms. CTLs
have high specificity for carbohydrate ligands serving specific functions. AceCTL-1, a
male-gender specific CTL from the hookworm parasite Ancylostoma ceylanicum binds to
N-acetyl-D-glucosamine, a common component of eukaryotic egg cell membranes thus
resulting in fertilization (Brown et al., 2006).
Trimerization of carbohydrate recognition domains and the presence of a collagen
domain are important features of the collectin family of CTLs (Veldhuizen et al., 2011).
A multi-domain CTL (Cflec-4) was characterized from the Zhikong scallop Chlamys
farreri, with four dissimilar carbohydrate recognition domains, three at the N-terminus
and one at the C-terminus (Zhang et al., 2009a). It was hypothesized that the multiple
CTL domains present in Cflec-4 probably originated by repeated duplication of a
different primordial carbohydrate recognition domain (Zhang et al., 2009a). A family of
mannose binding CTLs serves as feeding receptors for recognizing prey in the
dinoflagellate Oxyrrhis marina (Wootton et al., 2006) and in the amoeba Acanthamoeba
castellani (Allen et al., 2005).
Animal lectins with Ca+2-dependent carbohydrate recognition domains that bind
to the terminal monosaccharide residues of fungal and bacterial cell walls can recognize
pathogens as well as mediate cell-cell interactions (Weis et al., 1998). Lectin-like
peptides (SHL-1) found in the venom of the spider Ornithoctonus huwena agglutinate
6

human erythrocytes at minimal concentrations (Jiang et al., 2009). Snake venom CTLs
bind to factors IX/X of the clotting cascade in blood causing their inhibition, leading to
clotting (Atoda et al., 1991; Takeya et al., 1992; Sekiya et al., 1995). They also cause
agglutination of erythrocytes in a Ca+2-dependent manner in the snake Oxyuranus
scutellans (Earl et al., 2010) and bind specifically to glycol-proteins with multiple
glycans in the rattle snake, Crotalus atrox (Young et al., 2011).
Besides storage lectins found in the vacuoles of plant cells, minute amounts of
carbohydrate binding proteins were identified in the nucleus and cytoplasm presumably
synthesized upon exposure to various biotic and abiotic stresses, indicating a possible
crucial role of lectins in the stress physiology of plant cells (Lannoo and Van Damme,
2010). While plant lectins aid in overcoming biotic and abiotic stresses, some fungal
lectins provide self-protection to themselves before infection by posing toxicity to their
hosts, dependent upon dosage and interaction with specific glycans in the target
organisms (Bleuler-Martinez et al., 2011). Lectins from various mushrooms have been
shown to possess anti-nematode activity against the plant-parasitic nematodes
Ditylenchus dipsaci and Heterodera glycines (Zhao et al., 2009).
With the understanding gained from the lectins identified in various organisms so
far, lectins are being developed for potential applications in lectin-replacement therapy
for patients suffering with lectin-deficiency effects (Sharon, 2008). Lectin-like peptides
(SHL-1) found in the venom of the spider Ornithoctonus huwena have a potential scope
as carriers for drug delivery and to investigate the binding mechanism of lectins (Jiang et
al., 2009). Other applications of lectins include DC-based immunotherapy involving CTL
receptors for tumor eradication by targeting specific tumor antigens to CTL receptors
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using either antibodies or natural ligands such as glycan structures to enhance loading
and presentation of the antigen (Streng-Ouwehand et al., 2011).
C-type Lectins and Innate Immunity
C-type lectins (CTLs) are an important component of the innate immune system,
the first line of defense in all organisms from bacteria to vertebrates including humans
(Weis et al., 1998). CTLs have been proposed to have a role in many immune-related
functions like cell-cell adhesion (Lis and Sharon, 1998; Ao et al., 2007; Frenette et
al.,1995; Lasky, 1995; Zennadi et al., 2006), glycoprotein turnover (Dodd and Drickamer,
2001; Figdor et al., 2002), activation of the prophenoloxidase cascade (Yu et al., 1999;
Yu and Kanost, 2000), hemocyte-mediated nodule formation, encapsulation, and
opsonisation (Mercy and Ravindranath, 1993; Koizumi et al., 1999; Wilson et al., 1999;
Figdor et al., 2002; Yu and Kanost, 2004; Sierra et al., 2005; Yu et al., 2005; Ling and
Yu, 2006; Ohta et al., 2006; Yu and Ma, 2006), bacterial clearance (Wang et al., 2009;
Schroeder et al., 2003; Sun et al., 2008), anti-fungal responses (Willment and Brown,
2008) and anti-viral infection (Wang et al., 2004; Chen et al., 2008). CTLs contribute to
both innate immunity and adaptive immunity providing defense against pathogen
infection (Cambi and Figdor, 2003; Vasta, et al., 1999; Wilment and Brown, 2008)
through pathogen recognition (Holmskov et al., 2003; Torrelles et al., 2006; Watanbe at
al., 2006), antigen uptake (Cambi et al., 2003; van Vilet et al., 2006) and complement
pathway activation (Fujita, 2002; Holmskov et al., 2003; Petersen et al., 2000). Apart
from recognizing pathogen associated molecular patterns (PAMPs), CTLs also recognize
Damage Associated Molecular Patterns (DAMPs) or ‘hidden-self’, the chemicals released
by dying cells and aid in necrosis (Cambi and Figdor, 2009).
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Although CTLs have been known to be an important component of the innate
immune system, they require coordination from other cellular components. This was
demonstrated when the entry of flovirus with mutated glycoproteins into cells was not
restricted by CTLs but the infection rate dropped indicating the requirement of other
cellular components in addition to CTLs for effective infection and that CTLs alone do
not act as functional receptors for flovirus entry into cells (Matsumo et al., 2010). The
immune response in metazoans is brought about by the coordinated action of cellular and
humoral factors, with CTL genes being one of the important humoral factors facilitating
cellular interaction in invertebrates (Ao et al., 2007).
Different members of the CTL family perform individual roles that contribute to
the innate immune responses in an organism. For example, in vertebrates, collectin and
selectin family members are more involved with pathogen recognition and cell-cell
adhesion, respectively (Cambi and Figdor, 2003; Cambi et al., 2005; Weis et al., 1998).
The integral collagenous regions in the structure of collectins act as ligands for the
microbial pathogen receptors which facilitates host identification and activation of the
classical complement pathway (Holmskov et al., 1994). Mannose binding lectin, a
member of the collectin subgroup, binds specifically to the terminal mannose residues on
the surface of many pathogens and activates the lectin pathway of the complement
(Fraser et al., 1998). Collectins also activate inflammatory responses and encapsulation of
antigen upon pathogen detection (Lasky, 1995; Weis et al., 1998). Galectins, a family of
CTLs with tandem amino acid repeat motifs are able to recognize endogenous ligands
such as Galβ1-4Fuc with the two carbohydrate recognition domains (Takeuchi et al.,
2011). Langerin is another mannose-binding CTL which upon antigen-capture, induces
the formation of Birbeck granules in Langerhan cells (Valladeau et al., 2000). The
9

excretory-secretory products of the flatworm Fasciola hepatica (FhESP) upon interaction
with peritoneal macrophages of naïve BALB/c mice induced the expression of Arginase
I, suggesting the participation of at least two C-type lectin receptors, mannose receptor
and Dectin-1 in the immuno-modulatory responses (Guasconi et al., 2011).
Striking similarities exist between the innate immune recognition mechanisms
among mammals, plants, and insects suggesting the conservation of immune responses in
the process of evolution (Drutskaya et al., 2011). This is probably brought about by
horizontal gene transfer reported to be quite prevalent among endo-symbionts and their
invertebrate hosts like insects and nematodes, leading to homology among functionally
important gene families like lectins (Hotopp, 2011). In Caenorhabditis elegans, CTL
domain (CTLD) containing proteins are homologous to those in other organisms,
including humans, demonstrating an ancient evolutionary origin (Schulenburg, 2008).
C-type Lectins in Nematodes
C-type lectins (CTLs) have been identified extensively in invertebrates like
nematodes and arthropods with possible important roles in their immune responses
(Koizumi et al., 1999; Liu et al., 2007; Loukas et al., 1999; Luo et al., 2003; Yu and
Kanost, 2000, 2001), nodule formation (Koizumi et al., 1999), and anti-bacterial activity
(Tunkijjanukij and Olafsen, 1998). CTLs have been identified in a few animal-parasitic
nematodes like Toxocara canis (Loukas et al., 1999), Heligmosomoides polygyrus and
Nippostrongylus brasiliensis and in a few free-living species like Caenorhabditis elegans
(Harcus et al., 2009). About 278 predicted proteins containing C-type lectin domains
have been identified in the genome of C.elegans (Harcus et al., 2009) and over 50
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predicted proteins homologous to lectins were identified in the genome of the plantparasitic nematode Meloidogyne incognita (Abad et al., 2008).
Along with innate immune responses, CTLs are known to play a role in
fertilization through the recognition of specific carbohydrates on the egg surface, as in the
male gender specific AceCTL-1 present on the surface of sperms in the human
hookworm parasite, Ancylostoma ceylanicum (Brown et al., 2006). CTLs are also known
to facilitate symbiosis in the marine nematode Laxus oneistus with sulfur-oxidizing
bacteria, which cover the entire nematode surface except at the anterior region. The
bacteria bind to the mannose-binding C-type lectin secreted all over the nematode
surface, which is both structurally and functionally similar to the human DC-SIGN
receptor indicating a possible horizontal transfer (Bulgheresi et al., 2006).
CTLs in nematodes are also known to aid in evasion of host immune responses.
TES-32 from Toxocara canis was the first C-type lectin cDNA identified in a parasitic
nematode (Loukas et al., 1999). The excretory-secretory products of Toxocara canis
(TES) are homologous to the prominent mammalian proteins such as CTLs and mucins
(Maizels et al., 2000). TES-32 bears structural similarity to mammalian CTLs; however,
it may differ functionally by binding both mannose and galactose by virtue of a
constraining loop adjacent to the carbohydrate-binding site. This characteristic may aid T.
canis in evading the host immune response (Loukas et al., 1999). The glycans on the
surface of mammalian endothelial cells may serve as ligands for TES-70, another CTL
from T. canis which bears a signal peptide, two Cys-rich domains, and a calciumdependent C-type lectin domain at its C-terminus (Loukas et al., 2000). These structural
attributes show sequence similarity to host immune cell receptors, probably serving as a
strategy for T. canis to evade host immune responses (Loukas et al., 2000).
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Phytophagous nematodes might utilize surface CTLs to differentiate host plant
tissues expressing defined glycans, providing the necessary cues for continued
development upon recognition of host-species-specific ligands (Loukas and Maizels,
2000). CTLs secreted by haematophagous nematodes at the site of attachment might
dampen the local immune response during feeding thus facilitating pathogenesis (Loukas
and Maizels, 2000). CTLs from gastrointestinal nematodes, one from Heligmosmoides
polygrus and two from Nippostrongylus brasiliensis showed homology to CTLs of
C.elegans and mammals indicating another possibility of horizontal transfer of CTL
genes (Harcus et al., 2009).
C-type Lectins in Insects
As in other organisms, CTLs in insects recognize pathogens and initiate immune
responses. Ha-lectin, a CTL from the cotton bollworm Helicoverpa armigera with two
different carbohydrate recognition domains arranged in tandem, functions as a pattern
recognition receptor and as an opsonin by agglutinating gram -ve and gram +ve bacteria
in the presence of Ca+2 (Tian et al., 2009). Three CTLs in silkworm Bombyx mori bound
to rough and smooth strains of gram –ve bacteria, with their expression up-regulated after
bacterial infection indicating a role in innate immunity as pattern recognition receptors
(Takase et al., 2009).
C-type Lectins in Aquatic Life Forms
CTLs in aquatic life forms are known to perform a wide range of functions
facilitating their survival. CTLs in the coral Acopara millepora play multiple roles in the
identification of host, in recognizing pathogens, and in establishing symbiosis with
dinoflagellates (Kvennefors et al., 2008). Similarly, CfLec-2 in Zhikong scallop, Chlamys
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farreri could initiate co-adhesion of hemocytes and also agglutinate gram -ve bacteria,
suggesting two distinct immune functions of pathogen recognition and cellular adhesion,
analogous to collectins and selectins in vertebrates, respectively (Yang et al., 2010;
Zheng et al., 2008). Nattectin, a CTL from the venom of the fish Thalassophryne
nattereri induced significant neutrophil and macrophage recruitment followed by
interleukin secretion and specific antibodies (Saraiva et al., 2011).
The expression of CTLs was upregulated upon bacterial bath exposure in eastern
oyster, Crassostrea virginica (Jing et al., 2011) by Vibrio anguillarum and by white spot
syndrome virus exposure in Chinese white shrimp (Rattanaporn and Utarabhand, 2011;
Wang et al., 2009), and by lipo-polysaccharides of the crab pathogen Aeromonas
hydrophila in Chinese mitten crab (Guo et al., 2011) indicating the role of CTLs in
pathogen recognition and initiation of immune responses.
C-type Lectins in Vertebrates
C-type lectins (CTLs) in vertebrates are known to initiate the innate immune
response and ultimately, the adaptive immune response. In vertebrates, dendritic cells
connect the innate and adaptive immune responses and are equipped with a wide range of
immune sensor molecules, including CTL receptors which recognize carbohydrates on
the pathogen surface or self-antigens (Takeuchi and Akira, 2010).
DC-SIGN is one of the most important CTL receptors in vertebrates which
recognizes a wide range of micro-organisms, including viruses (Geijtenbeek et al., 2000;
Klimstra et al., 2003; Lozach et al., 2003), bacteria (Geijtenbeek et al., 2003), fungi
(Cambi et al., 2003), and several other parasites (Colmenares et al., 2002; van Die et al.,
2003). Antigen recognition by DC-SIGN leads to the activation of the innate immune
13

response and complement pathways. Two additional CTLs, DC-SIGNR1 and Dectin-1
induce the oxidative response and bactericidal activity upon pathogen recognition in most
vertebrates (Takahara et al., 2011).
CTLs expressed in the myeloid cells also help regulate immune cell activation
upon sensing pathogen-derived or self ligands (Osorio and Sousa, 2011). Mannanbinding lectins are important in the activation of adaptive immune responses by dendritic
cells upon recognition of a lipo-polysaccharide recognized on the surface of an invading
pathogen (Wang et al., 2011). Macrophage mannose receptor in the vertebrate immune
system mediates endocytosis of the pathogens that were recognized by the pattern
recognition receptors present on the pathogen surface (Kilpatrick, 2002).
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CHAPTER II
COLLECTION OF LIFE-STAGES OF RENIFORM NEMATODE
Abstract
The life cycle of reniform nematode, Rotylenchulus reniformis under in vitro
conditions at 30°C is completed in a period of 28-30 days. During its life cycle, R.
reniformis undergoes a series of four molts with the first molt occurring inside the egg to
release the second-stage juvenile (J2). The J2 undergoes a second molt to give rise to the
third-stage juvenile (J3). The J3 undergoes a third molt to develop into a fourth-stage
juvenile (J4). The J4 undergoes a fourth and final molt to become either vermiform adult
male or female nematodes. The vermiform adult female infects the host plant root and
forms a feeding site called syncytium, which is formed by the dissolution of the cell walls
of adjacent root cells. The female feeds rapidly to attain the characteristic reniform shape
and lays eggs upon fertilization by the male nematode. The eggs hatch under favorable
conditions to release J2s and continue the life cycle. R. reniformis eggs were collected
from roots of infected host plants and set up on a Baermann funnel to hatch out J2s. The
J2s were incubated in water at 30°C to develop into advanced juvenile and vermiform
adult stages which were collected at regular intervals. Parasitic sedentary females were
collected from roots of infected host plants by agitating the roots in water to release the
sedentary females and then collecting them individually using a Pasteur pipette while
watching under a stereo dissecting microscope.
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Introduction
Nematodes are the largest group of multi-cellular organisms known to exist on
this planet. While a majority of them are free-living, few are parasitic on plants and
animals. The free-living nematode Caenorhabditis elegans is the most extensively
studied multi-cellular organism with it being the first multi-cellular organism genome
sequenced and the first organism in which RNAi was discovered (Tabara et al., 1998).
Animal-parasitic nematodes especially those parasitic on humans have been studied
extensively. Among the plant-parasitic nematodes, root-knot nematode and soybean cyst
nematode are the most well studied at the molecular level with little research done on the
molecular aspects of reniform nematode.
The reniform nematode (Rotylenchulus reniformis Linford & Oliveira) is a semiendoparasitic nematode of more than 300 plant species grown in the tropical, subtropical, and warm-temperate regions (Robinson et al., 1997). R. reniformis is parasitic
on many plant species including cotton, an important fiber crop. Cotton producers suffer
annual yield losses of over $250 million (Blasingame, 2006), which accounts for
approximately 45% of cotton losses from all nematodes in the southern Unites States
(Robinson et al., 1999; 2007). Reasons for such huge losses include the lack of resistant
varieties and the ability of R. reniformis to survive under adverse conditions in the
absence of the host (Robinson et al., 2005). Lack of resistant varieties in cotton for R.
reniformis has been a major concern for growers in the Southern United States. Efforts
are in progress for the introgression of R. reniformis resistance in cotton from a distant
relative Gossypium longicalyx into the cultivated upland species G.hirsutum (Robinson et
al., 2006). One other reason for the prevalence of R. reniformis is its ability to survive
under adverse weather conditions. A facultative arrested stage of Dauer is induced under
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adverse weather conditions in the larvae of Caenorhabditis elegans while it is
constitutive in parasitic nematodes (Golden and Riddle, 1984; Riddle, 1988). This raises
the suspicion whether similar stages occur in reniform nematode facilitating it to
overcome adverse weather conditions.
R. reniformis infective stage is the vermiform adult female which infects the root
tissue and starts feeding on the host by formation of a specialized feeding structure called
syncytium which is formed by the dissolution of cell walls of adjacent cells at the site of
infection (Heald, 1975; Rebois et al., 1975). The female grows rapidly on the host and
attains the characteristic kidney or reniform shape. Studying the life cycle of R.
reniformis could help identify the most sensitive stages to target new control strategies
and reduce overall populations in the crop fields.
Materials and Methods
Maintenance of Reniform Nematode Cultures
The cultures of reniform nematode, R. reniformis were maintained on a
susceptible cotton variety Fibermax-958 (Bayer), under controlled conditions in a growth
chamber (Fig. 2.1a). To establish new cultures for egg collection, pre-soaked seeds of
FM-958 were sown in 4″clay pots containing autoclaved sand and vermiculite mixed in a
3:1 ratio. For vermiform nematode collection, a heavier soil mix comprising of larger
proportion of silt and with no vermiculite was used. A lining of felt was placed at the
bottom of the pots before adding the soil medium to avoid wash-out of the soil with
percolating water. The seedlings were inoculated two weeks upon germination with
approximately 4,000 mixed vermiform of R. reniformis collected from the pre-existing
cultures. Four holes 5 cm deep and 1 cm away from the stem were made and inoculated
27

each with approximately 1,000 mixed vermiform suspended per 1 mL of water. Fourteen
day-light hours with a temperature range of 28°C to 30°C were set in the growth chamber
to facilitate optimal growth and transpiration. Average relative humidity of around 50 per
cent was maintained throughout the growth period of the plants. Miracle Gro (24-8-16)
dissolved in water at the rate of one tablespoon per gallon of water was applied twice a
month as a source of nutrients. Pots destined for egg collection were maintained under
minimal watering, i.e., enough water to wet the top layers of sand and keep the leaves
from wilting, while pots set aside for vermiform nematode collection were watered until
standing water was seen on top of the soil. After eight weeks, pots were harvested to
collect eggs and mixed vermiform life-stages.
Vermiform Life-stage Collection
To collect vermiform life-stages of R. reniformis, the shoot portion of each plant
would be cut off with clippers and the pots would be watered heavily. By scraping along
the inner walls of the pot with a large spatula, the soil along with the roots of the host
plant were removed as one lump and washed in water to separate the roots intact from the
soil without any breakage or losses. The soil collected in the washed water was used to
collect mixed-stage vermiform nematodes via the stir/sieve method (Wubben et al.,
2008). The soil along with the nematodes was stirred in a container containing
approximately three parts of water per one part of soil, for 30 seconds and left alone for
another 30 seconds to allow the larger soil particles to settle at the bottom while the
nematodes along with lighter soil particles remain suspended in water. The waternematode mix was then passed over a triple sieve assembly of US standard sieves (# 200
over #325 over #500) (Fig. 2.1). Vermiform nematodes collected on the #325 sieve were
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further purified by sucrose flotation as described in the following section and used for
inoculating fresh culture pots as described previously.
Egg Collection
The eggs of R. reniformis were collected from the roots of inoculated susceptible
host cotton plants (Fig 2.1a). The roots were cut into small pieces of 2-3 cm and agitated
in 1% NaOCl solution for three minutes as described by Hussey and Barker (1973). The
NaOCl dissolves the mucilaginous matrix surrounding the egg mass; thereby, releasing
the eggs into the solution. The solution with the eggs was poured onto a triple sieve
assembly of US standard sieves (#200 over #325 over # 500) (Fig. 2.1c) and rinsed
thoroughly with water to wash off residual NaOCl. The eggs along with fine root debris
were collected on the #500 sieve. The eggs were then transferred to a beaker and further
purified by sucrose flotation. Purified eggs were then used to either hatch J2s or were
surface-sterilized, immediately frozen with liquid nitrogen, and stored at -80°C for
nucleic-acid extraction.
Sucrose-flotation
To clean the collected eggs and remove the fine root debris, the eggs were
concentrated into a lower volume and centrifuged in a sucrose gradient (Jenkins, 1964).
In a 50 mL centrifuge tube, 20 mL of the egg-root debris mixture was added with 20 mL
of a 70% sucrose solution and mixed well. Without delay, 10 mL of water was carefully
layered over the sucrose-egg-debris mix solution by allowing the water to drip down the
wall of the 50 mL tube using a spatula. The tube was then centrifuged at 1,260 RCF for
10 minutes. Because of the differences in the specific density of the sucrose, eggs, and
root-debris, the eggs get concentrated at the interface of the water and sucrose columns.
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The eggs were siphoned out using a Pasteur pipette taking care not to collect any sucrose
solution. The collected eggs were further washed in water, concentrated by centrifugation
at 3,200 rcf in a table-top centrifuge for three minutes, surface-sterilized, immediately
frozen in liquid nitrogen, and stored at -80°C for nucleic-acid extraction.
Surface-sterilization
Eggs purified by sucrose-floatation were surface-sterilized to remove any bacteria
or fungi on their surface. Surface-sterilization was accomplished by first washing the
eggs in 0.01% HgCl2 for five minutes followed by a 45 minute wash in 0.001% Hibitane
(chlorhexidine diacetate hydrate). The surface-sterilized eggs were then washed three
times with sterilized water to remove any residual hibitane. The eggs were then
concentrated, flash-frozen, and stored at -80°C until nucleic-acid extraction.
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Figure 2.1

Collection of R. reniformis eggs and mixed vermiform life-stages.

(a) R. reniformis cultures grown on susceptible cotton host FM-958.
(b) Baermann Funnels for hatching second-stage juveniles from eggs.
(c) U.S. Standard sieves for collecting eggs and mixed-stage vermiform nematodes.
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Life Cycle of reniform nematode, Rotylenchulus reniformis

The life cycle begins with the egg stage which undergoes a series of four molts to develop into either an adult male
or female at around day 25. The female infects the host and starts feeding to attain the characteristic reniform shape, which upon
fertilization lays about 200-250 eggs in group. The pictures in smaller circles within the pictures of J3, J4, adult male and adult
female display the distinguishing morphological characters of the respective life-stages.

Figure 2.2

Development and Collection of Advanced Life-stages
Collection of Second-stage Juveniles
A portion of the eggs collected from the pre-inoculated host-plant roots were set
up for hatching and further development. About 100,000 eggs were placed on a
Baermann funnel (Fig. 2.1b) with a single layer of Kleenex tissue at 30°C to facilitate
hatching of second-stage juveniles (J2s). The nematode undergoes a first molt inside the
egg and hatches out as a J2 which can be identified by the presence of a poorly developed
stylet, active movement, and a solid intestinal column (Fig. 2.2). The J2s were collected
at regular intervals of 12 hours, counted, surface-sterilized using the method described
earlier for eggs, immediately frozen in liquid nitrogen, and stored at -80°C until nucleicacid extraction.
Collection of Third- and Fourth-stage Juveniles
Un-sterilized J2 nematodes were incubated at 30°C in water in petri plates and
allowed to develop into third-stage (J3) and fourth-stage (J4) juveniles. J3 nematodes
were identified after 10-11 days of incubation by the presence of the residual J2 cuticle
(Nakasano, 1973), immotile nature, weak stylet, and a slowly clearing intestinal column
(Fig. 2.2). A portion of J3s were surface-sterilized, concentrated, immediately frozen in
liquid nitrogen, and stored at -80°C until nucleic acid extraction. The remaining J3s were
incubated for an additional 8-10 days to allow development into J4s. J4 nematodes were
identified by the presence of residual J2 and J3 cuticles, lack of movement, weak stylet,
and a rapidly clearing intestinal column. The J4s were surface-sterilized, concentrated,
immediately frozen in liquid nitrogen, and stored at -80°C until nucleic acid extraction.
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Collection of Adult Male and Vermiform Female Life-stages
A portion of J4 nematodes were incubated for another 5-6 days to develop into
adult males and vermiform females. Adult males were identified by the presence of a pair
of spicules at the posterior end, active movement, weak stylet, and an almost completely
clear intestinal column (Fig. 2.2). Vermiform adult females were identified by the
presence of a clear vulva region at about two-thirds of the body length from the anterior
end, a well developed stylet, active movement, and a completely clear intestinal column
(Fig. 2.2). Since it is difficult to separate the male and female adults, a mixture of both
sexes was collected for nucleic acid extraction. These adult stage samples were surfacesterilized, concentrated, immediately frozen in liquid nitrogen, and stored at -80°C until
nucleic acid extraction.
Collection of Mixed-stage Vermiform Nematodes
Samples of mixed vermiform life-stages were collected from culture pots by
stirring the soil in water for 30 seconds, leaving it alone for another 30 seconds to allow
the heavier soil particles to settle, and then passing the water-nematode mix over a triple
sieve assembly of US standard sieves (#200 over #325 over #500). The sieves were
washed thoroughly with water to let the finer soil particles run through the #500 sieve.
The mixed-stage vermiform nematodes were collected on the #325 sieve and further
cleaned by sucrose flotation. The nematodes were then surface-sterilized, concentrated,
immediately frozen in liquid nitrogen, and stored at -80°C until nucleic acid extraction.
Collection of Sedentary Females
Upon successful infection of the host root tissue, infective vermiform females
become sedentary, feed on the host plant nutrients, and eventually attain the characteristic
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reniform (kidney) shape (Fig. 2.2). Sedentary females were collected from the host roots
by first washing the roots free of soil particles with water. The clean roots were then cut
into 2-3 cm long pieces. The root pieces were agitated with water in a house-hold blender
under the ‘blend’ setting for 4-5 short pulses of two seconds each. The blended mixture
of roots and sedentary females was then poured onto an assembly of four US standard
sieves (#60 over #80 over #100 over #200) and washed thoroughly with water to run off
the finer root particles. The sedentary females, depending on the extent of their
development, were primarily collected on the #80 and #100 sieves with very few
collected on the #200 sieve along with some root debris. The sedentary females settled on
each sieve were collected by holding the sieve in a slant position and washing with water
such that the wash-off from each sieve could be collected into individual beakers. The
fraction from each sieve was poured separately in parts onto a large glass plate and the
females were picked individually with a Pasteur pipette taking care not to pick any root
debris, by visualizing under a dissecting stereomicroscope. The collected sedentary
females were surface-sterilized, collected in a 1.5 mL tube, pelleted, immediately frozen
with liquid nitrogen, and stored at -80°C until nucleic acid extraction.
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CHAPTER III
IDENTIFICATION OF C-TYPE LECTIN GENES IN RENIFORM NEMATODE
Abstract
The identification of C-type lectin genes in reniform nematode, Rotylenchulus
reniformis provides us with a better understanding of immune responses of the nematode.
A total of 11 C-type lectin genes were identified across six different life-stages of R.
reniformis using 5'- and 3'-Rapid Amplification of cDNA Ends (RACE). Each C-type
lectin gene consisted of three introns and three exons and a conserved carbohydrate
recognition domain sequence. The introns were identified in the 5'-UTR and the domain
region. The cDNA sequences ranged from 1083 bp to 1194 bp with an open reading
frame ranging from 906 bp to 1017 bp. The variation in cDNA sequences was largely due
to tandem repeat sequences present 3' to the domain region. Each predicted C-type lectin
protein had a signal peptide and a conserved C-type lectin domain for carbohydrate
recognition. The C-type lectin domain consisted of two conserved ligand-binding amino
acid motifs (EPN and EPD) that are known to be specific for binding mannose among Ctype lectins. The C-type lectin domain also contained a conserved WND motif which is
specific for binding Ca+2. The C-type lectin domain had seven conserved cysteines
instead of the characteristic four (short-form) or six (long-form) cysteines commonly
found in C-type lectins of other organisms. The 11 C-type lectin genes expressed at
different life-stages are speculated to play a possible specific role in development, plant
parasitism and innate immune responses of R.reniformis.
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Introduction
C-type lectin genes have not been identified and characterized in most of the plant
parasitic nematodes including the reniform nematode, R. reniformis. So far, the breeding
approaches for R. reniformis resistant cotton varieties have yielded little progress. With
increasing environmental concerns over the use of nematicides, transgene-based
strategies may help progress towards developing reniform nematode resistant cotton
varieties. The occurrence of ESTs coding for C-type lectins in high frequency, in the
cDNA library of the sedentary female stage suggests an important role in the physiology
of the R. reniformis (Wubben et al., 2010). The identification of C-type lectin genes in R.
reniformis will provide a better understanding of the immune responses of the nematode
as it interacts with the host plant in the rhizosphere. Identifying and characterizing C-type
lectin genes that are expressed across different life-stages of R. reniformis will help
identify the most sensitive life-stage to be targeted for designing strategies to develop
nematode resistant cotton varieties.
C-type lectins are an important component of the innate immune system in all
organisms from bacteria to vertebrates including humans (Weis et al., 1998). C-type
lectins belong to a subgroup of lectins that require Ca+2 for their ligand-binding activity.
In both plant and animal pathogens, C-type lectins may facilitate host-cell recognition
(De Hoff et al., 2009), binding (Goldstein et al., 1977), and subsequent infection (Weis et
al., 1998; Loukas and Maizels, 2000). Each member of a C-type lectin gene family is
expected to play a specific role during different developmental stages of an organism. In
most host-parasite interactions, upon contact with each other, the parasite and the host
recognize each other through the conserved domains of their respective C-type lectin
genes. The domains identify specific carbohydrate moieties on the surface of the
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opposing cells (Weis et al., 1998) as in some fungi which recognize their hosts by
binding to the collagen triple helix of collectins, which serves as a ligand for the fungi
while the host recognizes the carbohydrate moieties on fungi with the same collectins.
The contact stimulates the parasite to produce virulence proteins and begin the process of
infection while the host is stimulated to produce defense-related compounds in response
to infection. C-type lectin genes have been identified in a few parasitic and free-living
nematodes like Toxocara canis (Loukas et al., 1999), Heligmosomoides polygyrus,
Nippostrongylus brasiliensis, and Caenorhabditis elegans (Harcus et al., 2009) but their
role in the physiology of the nematode have not been fully characterized. About 278
predicted proteins containing C-type lectin domains have been identified in the C.elegans
genome (Harcus et al., 2009). Identifying C-type lectin genes expressed in R. reniformis
would add to our understanding of the plant parasitism strategies adapted by nematode
and aid in developing strategies for their control.
Materials and Methods
Genomic DNA Extraction and Quantification
R. reniformis genomic DNA was extracted as per the protocol of Blin and
Stafford (1976) with the following modifications. The frozen tissue of approximately
800,000 mixed-stage vermiform nematodes was ground in a liquid nitrogen-chilled
mortar and pestle with 8 mL of lysis buffer (10 mM Tris-HCl (pH 8.0), 50 mM EDTA,
200 mM NaCl, 1% (w/v) SDS) containing RNase A (100 μg/mL). The frozen ground
homogenate was transferred to another mortar at room temperature and placed in a water
bath at 65°C to thaw the homogenate. The thawed homogenate was then transferred to a
30 mL Oakridge tube and incubated at 65°C for 15 minutes, after which Proteinase K (0.8
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mg/mL final) was added and then incubated for an additional one hour with occasional
gentle inversion of the tube by hand. The sample was then equilibrated to room
temperature. An equal volume of Tris buffer (pH 8.0)-equilibrated phenol was added to
the sample and the tube mixed gently by inversion on a rotating shaker for 10 minutes at
22°C. The tube was then centrifuged in a HB-4 rotor (Sorvall) at 5,100 x g for 10 minutes
at 22°C to separate the phases. The upper aqueous phase, approx. 7.0-7.5 mL, was
transferred to a new 30 mL Oakridge tube using a wide bore (3mm) disposable plastic
Pasteur pipette. The sample was then re-extracted with phenol as previously described.
The recovered 6.5-7.0 mL of aqueous phase was then extracted with an equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1) and the phases separated by centrifugation
as described earlier. The recovered aqueous phase (~ 5 mL) was then combined with 1
mL of 10 M NH4Ac and 5 mL of isopropanol and swirled gently to mix. The
precipitating DNA, visible as a blob in the solution, was spooled using a glass Pasteur
pipette whose end had been sealed and bent and transferred to a clean 30 mL Oakridge
tube. The DNA was washed with 2 mL of 70% ethanol and pelleted by centrifugation at
5,100 x g for five minutes and the supernatant discarded. The pellet was air dried to
remove residual ethanol and dissolved in 500 μL of re-suspension buffer (10 mM TrisHCl, pH 8.5) at room temperature. The DNA was quantified and checked for quality
using a NanoDrop spectrophotometer.
Total RNA Extraction, Quantification, and Analysis
Total RNA from various life-stages of R. reniformis was extracted using TRIzol
reagent (Invitrogen, Carlsbad, CA) as per the manufacturer’s instructions. All glassware
used was cleaned, rinsed with 18.2 MΩ-cm pure water and baked overnight at 240°C
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prior to use. Frozen tissue representing approximately 50,000 count each of eggs, J2s,
J3s, (J3+J4)s and vermiform adult , and about 500 sedentary females was ground
individually in separate Glass Kontes-20 homogenizer with 800 μL of Trizol reagent and
incubated at room temperature for five minutes. The homogenate was transferred to 1.5
mL tube and mixed with 160 μL of chloroform and shaken vigorously by hand for 15
seconds followed by incubation at room temperature for three minutes. The phases were
separated by centrifugation in a swing-out-rotor (A-12-11, Eppendorf) at 12,000 x g for
15 minutes at 4°C. To precipitate the RNA, the upper aqueous phase was transferred to a
new 1.5 mL tube, combined with 400 μL of isopropanol, mixed by inversion and
incubated at room temperature for 10 minutes. To pellet the RNA, the tube was
centrifuged in a swing-out-rotor (A-12-11, Eppendorf) at 12,000 x g for 10 minutes at
4°C. The supernatant was removed and the RNA pellet washed with 800 μL of 70%
ethanol with gentle vortexing. The RNA was re-pelleted by centrifugation at 7,500 x g for
five minutes at 4°C. The supernatant was removed and the RNA pellet air-dried to
remove excess ethanol. The RNA pellet was dissolved in 47 μL of RNase-free water of
which 2 μL was used for quantification on a NanoDrop spectrophotometer. Another 2 μL
aliquot was transferred in a 0.2 mL tube to check for genomic DNA contamination by
PCR with primers specific for genomic DNA amplification.
DNase Treatment of Total RNA
The RNA sample was DNase-treated using the DNA-Free kit (Ambion, Austin,
TX) to remove any genomic DNA carried over during extraction. About 43μL of RNA
was combined with 5 μL of 10X turbo buffer and 2 μL of rDNase-I to a total volume of
50 μL in a 1.5 mL tube and incubated at 37°C for 30 minutes with occasional mixing of
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the reaction by flicking the tube. To inactivate the rDNase-I, 5 μL of DNase inactivation
reagent resin was added and incubated at room temperature for two minutes with
occasional flicking. The inactivation reagent was pelleted by centrifuging at 10,000 x g
for 90 seconds and the supernatant containing the RNA was transferred to a clean 0.5 mL
tube. The RNA is quantified by NanoDrop and then checked for quality on a denaturing
formaldehyde agarose gel.
A 30 ml agarose gel was cast by dissolving 0.36 g of agarose in 3 mL of 10X FA
buffer (200 mM MOPS, 50 mM sodium acetate, 10 mM EDTA (pH 7.0)) and mixed with
water to make up the volume to 30 mL. The agarose in the flask was dissolved in a
microwave followed by placing the flask in a water-bath at 65⁰C for about five minutes
to let it cool. After adding 540 µL of formaldehyde (12.3 M) the agarose was poured onto
a gel casting tray. The gel-rig along with the comb was cleaned with detergent, rinsed
with sterilized water followed by a rinse with absolute ethanol, and air dried before
pouring the gel. The RNA samples (minimum 200 ng) were prepared for loading by
mixing with 3X volume of NorthernMax® -Gly sample loading dye (Ambion) per
sample volume and 1.7 µL of ethidium bromide (1 mg/mL) per 200 ng RNA, followed by
denaturation at 65⁰C for 15 minutes prior to loading. The gel was run in FA gel running
buffer comprised of 10X FA buffer (10% of total volume), formaldehyde (12.3 M) (0.2%
of total volume), and water to make up the remaining volume.
To confirm the absence of genomic DNA in the RNA sample, a PCR reaction was
set up with 2 μL of DNase-treated RNA with the genomic DNA-specific primers CLECInt1-F and CLEC-Ex-3-R (Table 3.1) which span over the first intron and third exon of
CTL gene, respectively. The PCR reaction was performed as follows: 50 μL mixture
reaction (3.0 mM MgCl2, 0.2 mM dNTPs, 0.4 μM primers, 2.5 U AmpliTaq Gold DNA
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polymerase) were amplified with a program (95°C denaturation for 3 minutes, 40 cycles
of 95°C denaturation for 30 seconds, 58°C annealing for 30 seconds, 72°C extension for
30 seconds and 72°C final extension for 5 minutes). A positive control reaction with
genomic DNA template and a negative control reaction with water were also set up. The
PCR products were analyzed on a 1.2 % agarose gel.
cDNA Synthesis
First-strand cDNA was synthesized from 500 ng of total RNA using the iScript TM
Select cDNA Synthesis Kit (Bio-Rad, Hercules, CA) as per the manufacturer’s
instructions along with the addition of 0.1 µM of R. reniformis 18S-specific primer
(Table 4.2) in a 25 μL reaction. The cDNA was diluted 1:10 with water to a total volume
of 50 μL to be used as template for subsequent PCR reactions.
PCR Amplification of C-type Lectin Domain
PCR amplification of the C-type lectin domain was accomplished using 1:10
diluted cDNA templates of each R. reniformis life-stage. PCR reactions were performed
with the primer pair RrCLD-F3 and RrCLD-R (Table 3.1). The RrCLD-F3 and RrCLD-R
primers were designed based on the domain sequence of the C-type lectin EST (Acc. No.
GT738009.1) identified from sedentary females (Wubben et al., 2010). The PCR reaction
was performed as follows: 50 μL mixture reaction (3.0 mM MgCl2, 0.2 mM dNTPs, 0.4
μM primers, 2.5 U AmpliTaq Gold DNA polymerase) were amplified with a program
(95°C denaturation for 3 minutes, 40 cycles of 95°C denaturation for 30 seconds, 58°C
annealing for 30 seconds, 72°C extension for 30 seconds and 72°C final extension for 5
minutes). A positive control reaction with genomic DNA template and a negative control
reaction with water template were also set up. The PCR products were analyzed on a 1.2
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% agarose gel and purified from the agarose using the MinElute Gel Extraction Kit
(Qiagen, Valencia, CA). The purified PCR product was then cloned into the TOPO
pCR4.0 TA cloning vector and clones suitable for sequencing generated using the TOPO
TA Cloning Kit for Sequencing (Invitrogen) per the manufacturer’s instructions. Plasmid
DNAs were isolated using PureLink Quick Plasmid Miniprep Kit (Invitrogen) as per the
manufacturer’s instructions and bi-directionally sequenced from universal M13 primers
(Table 3.1) at the USDA-ARS Mid-South Area Genomics Facility (Stoneville, MS,
USA). Clone sequence processing and assembly of forward and reverse reads of the
sequences into the full length C-type lectin domain clone was accomplished using
Sequencher v4.8 software (Gene Codes Corp., Ann Arbor, MI, USA).
Table 3.1

Primers used for domain and full-length gene amplification
Primer Name
Con 10-F
Con 10-R
10-G-F
10-G-R
Rr-CLD-F
Rr-CLD-R
Rr-CLD-F2
Rr-CLD-R2
Rr-CLD-F3
CLEC-Start-F
CLEC-Start-R
CLEC-Int1-F
CLEC-Ex3-R
M13-F
M13-R
CLEC-WALK-F
CLEC-WALK-R

Primer Sequence (5' to 3')
GGATACATATACATTCATTCATCTCA
AACGGCAAACAAGTTTATTCTT
CTGTGTTCTGCTTGGTTG
AGATGTGCTACCGTAACC
ACTGATCACCAAGGCTGGAGACAA
ACACTGCTCCCAACTTCTCGCTAT
TGGTCCGGCTTCAAAGA
GTCGTCGTGGATGTCGTA
CGGCTTCAAAGACCACTGCTACAA
ATCTCACTCAAGAAGAATGAACT
ACACTGCTCCCAACTTCT
CTAATACTGAAAGTTAGCTCGG
CACTGCTCCCAACTTCT
GTAAAACGACGGCCAG
CAGGAAACAGCTATGAC
AGAAGTTGGGAGCAGTGTGCA
AGTCGATGTGGTCGTGGAGGA
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5' and 3' Rapid Amplification of cDNA Ends (RACE)
Amplification of the full-length C-type lectin cDNA using primers designed from
the original full length gene sequence isolated from sedentary females failed for all of the
remaining life-stages; therefore, to obtain the 5'- and 3'-ends of the C-type lectin cDNAs
expressed in the other five life-stages of R. reniformis, Rapid Amplification of cDNA
Ends (RACE) was performed using the First Choice RLM RACE Kit (Ambion, Austin,
TX).
5'-RACE
5'-RACE was performed using the FirstChoice® RLM-RACE kit (Ambion).
About 10 µg of DNase-treated total RNA was incubated with 2 µL of 10X calf intestinal
phosphatase (CIP) buffer and 2 µL of CIP in a 20 µL reaction at 37°C for one hour. The
sample was then combined with 15 µL of ammonium acetate, 150 µL of acid
phenol:chloroform, and 115 µL of nuclease-free water. The sample was vortexed
thoroughly and centrifuged at >10,000 x g for five minutes at room temperature to
separate the RNA. The upper aqueous phase was transferred to a new 0.5 mL tube and
the RNA extraction repeated with 150 µL of chloroform. To precipitate the RNA, 150 µL
of isopropanol was added and the sample vortexed, chilled on ice for 10 minutes and
centrifuged at >10,000 x g for 20 minutes. The RNA pellet was washed with 500 µL of
cold 70% ethanol, air dried, and re-suspended in 11 µL of nuclease-free water. About 5
µL of CIP-treated RNA was then combined with 1 µL of 10X tobacco acid
pyrophosphatase (TAP) buffer, 2 µL of TAP, and 2 µL of nuclease-free water followed
by incubation at 37°C for one hour.
To ligate the 5'-RACE adapters, 2 µL of CIP- and TAP-treated RNA was
combined with 1 µL of 5'-RACE adapter, 1 µL of 10X RNA ligase buffer pre-warmed to
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room temperature, 2 µL of T4 RNA ligase (2.5 U/µL), and 4 µL of nuclease-free water
followed by incubation at 37°C for one hour. To synthesize first-strand cDNA, 2 µL of 5'
adapter-ligated RNA was mixed with 4 µL of dNTP mix, 2 µL of random decamers, 2 µL
of 10X RT buffer, 1µL of RNase inhibitor, 1µL of M-MLV reverse transcriptase, and 8
µL of nuclease-free water followed by incubation at 42°C for one hour.
The amplification of 5'-RACE products was carried out in a two-stage nested
PCR reaction. The amplification of the outer 5' RLM-RACE product in the first reaction
was set up with the 5' RACE gene-specific outer primer (GSO) and 5' RACE outer primer
(Ambion) (Table 3.2) with the 5' RACE cDNA template synthesized earlier. The PCR
product from this reaction was used as template in the second amplification reaction
which contained a 5' RACE gene-specific inner primer (GSI) and 5' RACE inner primer
(Ambion) (Table 3.2). Both PCR reactions were carried out in a total volume of 50 μL
(1.5 mM MgCl2, 0.2 mM dNTPs, 0.4 μM primers, 2.5 U AmpliTaq Gold DNA
polymerase) were amplified with a program (95°C denaturation for 3 minutes, 40 cycles
of 95°C denaturation for 30 seconds + 58°C annealing for 90 seconds + 72°C extension
for 30 seconds, 72°C final extension for 7 minutes). The PCR products from the second
reaction were analyzed on a 1.2% agarose gel.
3'-RACE
The 3' RACE cDNA template was synthesized from total RNA of each life-stage
of R. reniformis. About 1 µg of DNase-treated total RNA was added to 4 µL of dNTP
mix, 2 µL of 3' RACE adapter, 2 µL of 10X RT buffer, 1 µL of RNase inhibitor, 1 µL of
M-MLV reverse transcriptase, and 8 µL of nuclease-free water in a 20 μL reaction and
incubated at 42°C for one hour. The amplification of the 3' RACE product was carried
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out in a two-stage nested PCR reaction. The amplification of the outer 3' RLM-RACE
product in the first reaction was performed with the 3' RACE gene-specific outer primer
(GSO) and 3' RACE outer primer (Ambion) (Table 3.2) with 3' RACE cDNA template
synthesized earlier. The PCR product from this reaction was used as template in the
second amplification reaction that utilized the inner 3' RLM-RACE product along with
the 3' RACE gene-specific inner primer (GSI) and 3’ RACE inner primer (Ambion)
(Table 3.2). Both PCR reactions were carried out in a total volume of 50 μL (3.0 mM
MgCl2, 0.2 mM dNTPs, 0.4 μM primers, 2.5 U AmpliTaq Gold DNA polymerase) were
amplified with a program (95°C denaturation for 3 minutes, 40 cycles of 95°C
denaturation for 30 seconds + 58°C annealing for 90 seconds + 72°C extension for 30
seconds, 72°C final extension for 7 minutes). The PCR products from the second reaction
were analyzed on a 1.2% agarose gel. The 5' RACE and 3' RACE PCR products were
eluted from the gel, cloned into pCR 4.0 TOPO vector (Invitrogen) and sequenced as
described above for the C-type lectin domain sequences. The sequence analysis was
carried out with Sequencher v4.8 software. Primers were designed from the sequences of
5' RACE and 3' RACE products to amplify full length genes from cDNA templates of all
life-stages of R. reniformis.
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Table 3.2

Primers used for 5' and 3' RACE of CTL domain

Primer Name
5' RACE Inner
5' RACE Outer
5' RACE-GSI
5' RACE-GSO
5' RACE-GSI-2
5' RACE-GSO-2
3' RACE Inner
3' RACE Outer
3' RACE-GSI
3' RACE-GSO
J3-3' RACE-GSO-2
Ad-3' RACE-GSO-2

Primer Sequence (5' to 3')
CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG
GCTGATGGCGATGAATGAACACTG
TCTTGTTCTTCACCTTGGTCGGGT
ACACTGCTCCCAACTTCTCGCTAT
ACCTTGGTCGGGTCAGCGTA
GTGTTCAGCCCCCAGTACATGA
CGCGGATCCGAATTAATACGACTCACTATAGG
GCGAGCACAGAATTAATACGACT
ACTGATCACCAAGGCTGGAGACAA
CGGCTTCAAAGACCACTGCTACAA
GCTGACCCGACCAAGGTGAA
ACGCAACCCATACGGAGGCA

PCR Amplification of Full-length C-type Lectin Genes
PCR amplification of full-length C-type lectin genes from cDNAs of six different
life-stages of R. reniformis was carried out with primers designed from the 5' RACE and
3' RACE products. PCR was performed in multiple amplification reactions with different
primers followed by cloning and sequencing to obtain the full-length sequences. The
primer pairs used in the full-length amplification were Con.10-F/R for sedentary female
stage and CLEC-Start-F/R for the rest of the life-stages (Table 3.1). Reaction volumes
were 50 μL (3.0 mM MgCl2, 0.2 mM dNTPs, 0.4 μM primers, 2.5 U AmpliTaq Gold
DNA polymerase) were amplified with a program (95°C denaturation for 3 minutes, 40
cycles of 95°C denaturation for 30 seconds, 58°C annealing for 30 seconds, 72°C
extension for 30 seconds and 72°C final extension for 5 minutes). A positive control
reaction with genomic DNA template and a negative control reaction with water template
were also set up. The PCR products were analyzed on a 1.2 % agarose gel. The PCR
products from all the reactions were cloned into pCR 4.0 TOPO vector (Invitrogen) and
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sequenced as described above. The sequence analysis was carried out with Sequencher
v4.8 software.
Results
Identification of RrCTL and BLAST Analyses
BlastX analysis of a previously identified 1135 bp EST (Acc. No. GT738009.1),
obtained from R. reniformis sedentary female cDNA library (Wubben et al., 2010)
showed 34% and 31% identity to C-type lectins (CTL) from the parasitic nematodes
Heligmosomoides polygrus (Acc. No. ACS37721.1) and Heterodera glycines (Acc. No.
AAK94488.1), respectively. The 1135 bp EST included a conserved CTL domain
nucleotide sequence of 465 bp as determined from the translated amino acid sequence by
the domain recognition tool SMART (Letunic et al., 2008). Primers were designed based
on the domain and full-length sequence of the putative CTL gene identified in the
sedentary female stage for amplification of cDNA from the remaining life-stages of egg,
J2, J3, J3/J4, and vermiform adult males and females. The CTL domain sequence
amplified from all life-stages but the full-length cDNA was amplified only from
sedentary females. To amplify the full-length CTL cDNA from all life-stages, 5' and 3'
Rapid Amplification of cDNA Ends (RACE) was performed using the First Choice
RLM-RACE kit (Ambion). The amplification products of 5' and 3' RACE from
individual life-stages were cloned and sequenced, followed by alignment of the
sequences using Sequencher v4.8, sequence analysis software.
C-type Lectin Domain Highly Conserved across All Life-stages
The CTL domain nucleotide sequence originally identified in the sedentary
female stage of R. reniformis was highly conserved with over 96% identity across the
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other five life-stages of egg, J2, J3, J3/J4, and vermiform adult nematodes, with the
motifs for binding mannose and Ca+2 conserved in all life-stages. PCR amplification of
life-stage cDNAs with the CTL domain-specific primer pair Rr-CLD-F3/Rr-CLD-R
(Table 3.1) produced uniform sized amplification products across all life-stages (Fig.
3.1a). Of the domain sequence of 465 base pairs, a total of 443 bp were amplified with
this primer pair. All the sequences were found to be highly identical and showed >96%
identity among the encoded amino acid sequences. The amplification rates across the lifestages were different with the most intense band amplified from the sedentary female
stage (Fig. 3.1a). PCR amplification using R. reniformis genomic DNA template gave a
product about 150 bp larger than that produced from cDNA, indicating the presence of an
intron within the domain sequence.
Full-length C-type Lectin genes identified across Life-stages
To obtain full-length CTL cDNA sequences from the other five life-stages of egg,
J2, J3, J3/J4, and vermiform adult, 5'- and 3'-RACE reactions were carried out using the
First Choice RLM-RACE kit (Ambion). The amplification products from the RACE
reactions of each life-stage cDNA were cloned, sequenced, and aligned to obtain the fulllength cDNA sequences from individual life-stages of R.reniformis. From the aligned
RACE sequences, forward and reverse primers were designed that allowed the successful
amplification of the full-length CTL gene from cDNA of each life-stage. In total, 11 fulllength CTL cDNA sequences were identified across six life-stages and were named
RrCTL-1 to RrCTL-11(Table 3.3). CTL cDNA sequences varied in length from 1098 bp
to 1209 bp (Table 3.4) and showed 93-99% identity to one another with RrCTL-2 (945
bp) being a 100% match to RrCTL-4 (942 bp). Sequence variations among the 11
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RrCTLs were mostly due to variations in tandem repeat sequence motifs located 3' to the
CTL domain. Amplification with genomic DNA gave a product larger than the product
amplified with the domain primers (RrCLD-F3/R - Table 3.1) with cDNA templates from
the life-stages, indicating the presence of an additional intron sequence outside the
domain region (Fig. 3.1b).

Figure 3.1

PCR amplification of C-type lectin domain and full-length genes.

(a) CTL domain amplification - The lane M represents DNA size Marker with the band
sizes indicated to the left. The next seven lanes are loaded with the amplification products
of C-type lectin domain with cDNA template from the six life-stages and genomic DNA
of R. reniformis using the primer pair RrCLD-F3 and RrCLD-R.
(b) CTL full-length gene amplification - The lane M represents DNA Marker with the
band sizes indicated to the left. The next seven lanes are loaded with the amplification
products of C-type lectin full-length gene with cDNA template from the six life-stages
and genomic DNA of R. reniformis, using the various primer pairs designed for fulllength gene amplification (Table 3.1).
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Table 3.3

C-type lectin genes identified in all life-stages

Life Stage of Reniform Nematode
RrCTL
Size (bp) Egg
J2
J3 J3J4 Verm. Adult Sed. Female
RrCTL-1
912
+ +  +  + 
+
+
RrCTL-2
945
+ +  +  + 
+
+
RrCTL-3
1017
+ +  +  + 
+
+
‐
‐
‐
‐
RrCTL-4
942
+ ‐
‐
‐
‐
‐
RrCTL-5
945
+ ‐
‐
‐
‐
‐
RrCTL-6
945
+ +
‐
‐
‐
‐
‐
RrCTL-7
945
+
‐
‐
‐
‐
‐
RrCTL-8
945
+
‐
‐
‐
‐
‐
RrCTL-9
906
+
‐
‐
‐
RrCTL-10
912
+ +
+
‐
‐
‐
‐
‐
RrCTL-11
972
+
‘+’ indicates presence and ‘-’ indicates absence.
Structure and Variation of C-type Lectin Genes
The general structure of CTL genes expressed in R. reniformis was derived by
comparing full-length CTL cDNA and genomic sequences (Fig. 3.2a). The PCR products
of full-length C-type lectin gene from cDNA and genomic DNA template were eluted
from the agarose gel, cloned into pCR 4.0 TOPO vector and sequenced. The cDNA
sequences ranged from 1098 bp to 1209 bp long while the genomic DNA sequence was
1614 bp. The open reading frames ranging from 906 bp to 1017 bp (Table 3.4). By
comparing the cDNA and genomic DNA sequences, three exon and three intron
sequences were identified. The first intron of 336 bp was found in the 5' UTR sequence
prior to the start codon (Fig. 3.2a). The second and third introns of 80bp and 76 bp were
found splitting the domain region at 476 bp and 668 bp inside the domain region,
respectively (Fig. 3.2a). The first exon was 102 bp, the second exon was 113 bp while the
third exon varied in length across the 11 RrCTLs with a range of 687 bp to 798 bp (Table
3.4). The coding sequence of the domain region was 465 bp long spanning through 80 bp
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of intron-2 and 76 bp of intron-3 (Fig. 3.2a). The 5' UTR was 34 bp long and the 3' UTR
was 143 bp long.
Table 3.4

Variation in lengths of gene characteristics among C-type lectin genes

RrCTL
RrCTL-1
RrCTL-2
RrCTL-3
RrCTL-4
RrCTL-5
RrCTL-6
RrCTL-7
RrCTL-8
RrCTL-9
RrCTL-10
RrCTL-11

cDNA (bp)
1104
1137
1209
1134
1137
1137
1137
1137
1098
1104
1164

Open Reading Frame (bp)
912
945
1017
942
945
945
945
945
906
912
972

Third Exon (bp)
693
726
798
723
726
726
726
726
687
693
753

The amino acid sequences of predicted proteins obtained by translating the 11
full-length RrCTL cDNAs ranged from 301 amino acids to 338 amino acids. The amino
acid sequences were examined for signal peptide using SignalP (Bendtsen et al., 2004)
and for conserved domain sequences using SMART (Letunic et al., 2008) software.
SignalP identified a signal peptide of 20 amino acids at the amino-terminal end. A CTL
domain of 155 amino acids (amino acids 21 to 175) was found lying immediately after
the signal peptide (Fig. 3.2a, 3.3). BlastP analysis of the domain amino acid sequence
identified a ligand-binding region between amino acids 116 and 155 in the domain region
(Fig. 3.2a, 3.3). A conserved calcium binding site with the amino acid sequence motif
WND was found from amino acids 153 to 155 in the domain sequence (Fig. 3.3). Two
conserved motifs of EPN and EPD, characteristic for mannose binding sites in CTLs of
other organisms were present from amino acids 129 to 131 and 133 to 135, respectively
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in the domain sequence (Fig. 3.3). A total of seven cysteine residues were found at
positions 21, 32, 51, 83, 138, 159 and 173 (Fig. 3.3). Tandem amino acid repeats of GYG
and TTT were observed beyond the domain sequence (Fig. 3.2b, 3.3).

(a)

(b)
Figure 3.2

Structure and variation of C-type lectin genes.

(a) The open reading frame lies between the green and red arrows which indicate the
START and STOP codon sites, respectively. The three introns are indicated by blue lines
passing through the gaps, one in the 5' UTR region and the other two splitting the domain
(D). The first and third exons contain part of the domain sequence while the complete
second exon spans the domain sequence. The ligand-binding site including the Ca+2
binding site are indicated with a purple line at the farther end of the domain.
(b) The region of variation among the predicted peptide sequences of 11 RrCTL genes is
shown as a purple line with the individual sequence variations marked as vertical yellow
lines.
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Figure 3.3

ClustalW alignment of RrCTL sequences

Amino acids 1 to 180 of 338 - The signal peptide is represented by the amino acids 1 to
20. The conserved domain region across the 11 RrCTL genes from amino acids 21 to 176
is highlighted in the blue box. The seven conserved cysteine residues are shaded blue.
The calcium binding motif WND is lettered red while mannose binding motifs EPN and
EPD are lettered brown. The symbol '*' indicates a column with identical amino acids.
The symbol ': ' indicates a column with different but highly conserved amino acids. The
symbol '.' indicates a column with different amino acids that are somewhat similar.
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Figure 3.3 (continued)
Amino acids 181 to 338 of 338 - The regions of high variability among the 11 RrCTL
genes are highlighted in the brown box. Tandem repeats of GYG (shaded in yellow) and
TTT (shaded in grey) were found frequently beyond the domain sequence. The symbol '*'
indicates a column with identical amino acids. The symbol ':' indicates a column with
different but highly conserved amino acids. The symbol '.' indicates a column with
different amino acids that are somewhat similar.
Discussion
C-type lectins (CTLs) have been known to play an important role in initiating
innate immune responses in living organisms. Identifying CTL genes in R. reniformis
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will increase our understanding of the nematode immune response and potentially the
recognition mechanisms occurring at the host-nematode interface. In our investigation, 11
CTL genes were identified that were expressed in different life-stages of R. reniformis.
From reports available on the characteristics and the role of CTLs in other organisms, we
speculate CTLs to be an important component of the innate immune response in R.
reniformis and a potential target for transgene-based control strategies.
Discovery of RrCTLs
C-type lectins (CTLs) are a family of sugar-binding proteins that require Ca+2 for
binding to specific sugar moieties (Loukas and Maizels, 2000; Weis et al., 1998). CTL
genes have been identified in all life forms from bacteria to vertebrates including viruses
(Jing et al., 2011). We have identified 11 CTL genes expressed in different life-stages of
R. reniformis and have tentatively named them as RrCTL-1 through RrCTL-11. Among
the nematodes, the genome of the free-living nematode Caenorhabditis elegans was
found to encode 279 genes containing the CTL domain (Schulenburg et al., 2008). Other
parasitic nematodes in which CTLs have been identified include Heligmosmoides
polygrus and Nippostrongylus braziliensis (Harcus et al., 2009), Toxocara canis (Loukas
et al., 2000; Maizels et al., 2000) and the marine-symbiotic nematode Laxus oneistus
(Bulgheresi et al., 2006). Some of the other organisms in which CTLs have been
discovered include the fruit fly Drosophila melanogaster (Adams et al., 2000), aquatic
life forms such as red swamp cray fish Procambarus clarkia (Zhang et al., 2011) and
shrimp Litopenaeus vannamei, (Zhang et al., 2009b) and as well humans (Figdor et al.,
2002; Cambi et al., 2003).
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Of the eleven identified RrCTLs, three were found to be expressed in all lifestages with eight other RrCTLs being specific to a particular life-stage. It has been shown
that each member of a CTL gene family may exhibit specific functions within the cell
(Earl et al., 2010), indicating a possible specific role for each of the RrCTLs in the
development of R. reniformis. C-type lectins from Zhikong scallop Chlamys farreri,
CfLec-1 was expressed in mantle and gill while CfLec-2 was expressed in mantle, kidney
and gonad possibly specifying additional role for CfLec-2 (Yang et al., 2010; 2011). With
specific RrCTLs being expressed in more than one life-stage, there is a possibility that
each of the RrCTLs might be serving a common function in some tissues and a specific
function in other tissues.
Structure and Function of RrCTLs
C-type lectin genes are either produced as trans-membrane proteins or secreted as
soluble proteins (Cambi et al., 2005). All RrCTL genes were found to encode a 20 amino
acid long signal peptide at the N-terminus as identified with SignalP (Bendsten et al.,
2004), indicating their secretory nature. The 11 RrCTL genes identified in R. reniformis
were found to have a single conserved carbohydrate recognition domain at the amino
terminal end identified using SMART6 (Letunic et al., 2008). On the contrary, a Cterminal CTL domain was identified in C-type lectins of the parasitic nematode Toxocara
canis, TES-32 (Loukas et al., 1999) and TES-70 (Loukas et al., 2000). Most C-type lectin
genes have a single CTL domain while some invertebrate lectins have two or more CTL
domains (Yu and Kanost, 2004). While RrCTLs have a single carbohydrate recognition
domain, a multi-domain C-type lectin (Cflec-4) in Zhikong scallop, Chlamys farreri has
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four dissimilar carbohydrate recognition domains, three at the N-terminal and one at the
C-terminal (Zhang et al., 2009a).
C-type lectin genes are of two types: ‘short form’ with four invariant cysteine
residues and ‘long form’ with six cysteine residues, two additional residues at the Nterminus (Kong et al., 2011). The highly conserved cysteine residues form disulfide
bridges in C-type lectin domains giving it a characteristic double-loop, providing
stability, aided by a set of conserved hydrophobic and polar interactions (Zelensky and
Gready, 2005). All RrCTLs were found to have seven conserved cysteine residues in the
domain region, a variation from the long-form C-type lectin genes, with possible role in
providing higher stability to the protein structure. Four cysteine residues were identified
in the CTLs of shrimp Litopenaeus vannamei (Zhang et al., 2009b), orange spotted
grouper Epinepheles coioides (Wei et al., 2010) while six were reported in Chinese
mitten crab, Erichoeir sinensis (Zhang et al., 2011).
The conserved WND motif is present in all RrCTL genes, which has been
observed in C-type lectin genes of other organisms as the principal site for calcium
binding (Kong et al., 2011). Ca+2 dependent carbohydrate binding is an evolutionarily
conserved feature of most common C-type lectin-like domains in vertebrates as
evidenced in insects and other invertebrates (Zelensky and Gready, 2005). However,
variations in the binding sites for calcium have been reported in Es-Lectin, a C-type
lectin from Chinese mitten crab, Erichoeir sinensis with an imperfect WND and FND
motif (Zhang et al., 2011). More than one binding site for calcium has also been reported
in eastern oyster Crassostrea virginica (Jing et al., 2011),
The position of hydrogen bond donors and acceptors in the calcium binding sites
of the conserved domain determines the carbohydrate binding specificity of C-type lectin
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genes (Zelensky et al., 2005). All RrCTLs have a conserved EPN motif which has been
characterized as a binding site for mannose (Drickamer, 1992). Close to the EPN site was
a conserved EPD motif, a possible secondary site for mannose binding also found in the
C-type lectin genes of bay scallop Argopecten irradians (Kong et al., 2011), Zhikong
scallop (Zhang et al., 2009a), and atlantic salmon Salmo salar (Soanes et al., 2004).
While EPN motif is known to bind mannose, CEL-IV, a C-type lectin from sea
cucumber, Cucumaria echinata recognizes galactose and N-acetylgalactosamine as
opposed to mannose because of the inverted orientation of the ligand thus affecting its
specificity (Hatakeyama et al., 2011).
The possible variation in the structure of different RrCTL genes speculates
different RrCTLs to play a multitude of roles in the physiological development of R.
reniformis. The identification of individual RrCTL genes with very little variation at the
3’ end might be difficult. An inherent problem with large multi-gene families such as the
C-type lectin genes is that closely-related gene products may not be distinguished by
antibody binding (Harcus et al., 2009).
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CHAPTER IV
CHARACTERIZATION OF C-TYPE LECTIN GENES IN RENIFORM NEMATODE
Abstract
C-type lectin genes expressed in six different life-stages of the reniform
nematode, Rotylenchulus reniformis were characterized by Southern hybridization,
quantitative real-time PCR, in situ hybridization, and phylogenetic analysis. Southernblot analysis revealed the existence of at least three homologs of C-type lectin genes in
the genome of R. reniformis. Quantitative RT-PCR demonstrated the highest level of
expression of C-type lectin genes in the sedentary female life-stage. in situ hybridization
indicated C-type lectin gene expression in sedentary females to be possibly in the
hypodermal region all over the posterior region of the body which is exposed to the
external environment. No in situ signal was detected in the anterior stylet region
embedded in the host tissue. Phylogenetic analysis of C-type lectin domains from
different nematode groups resulted in the grouping of nematodes together with a
particular life style. Placement in distinct groups indicates their common evolutionary
pattern and perhaps a common function attributed by the C-type lectins of nematode
species of a particular group. The information presented here advances our understanding
of immune responses in plant-parasitic nematodes and contributes to the knowledge on
genes involved in interactions occurring at the interface between plant hosts and
nematode pathogens.
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Introduction
C-type lectins (CTLs) are known to be an important component of the innate
immune system in all life forms. With the lack of an adaptive immune system in
invertebrates such as nematodes, the innate immune response is of particular importance.
We have identified 11 CTL genes that are expressed among different life-stages of R.
reniformis. Three of the 11 CTLs were expressed in all life-stages. All identified CTL
genes had a highly conserved sequence of 155 amino acids encoding a carbohydrate
recognition domain. Characterization of the CTL genes would provide a better
understanding of the immune system of R. reniformis; thereby, furnishing information to
develop strategies towards developing resistance in commercially important crops.
In our study, techniques including Southern hybridization, quantitative RT-PCR,
in situ hybridization, and phylogeny analysis were used to characterize different C-type
lectin gene family members expressed at different life-stages of R. reniformis. Southern
hybridization of genomic DNA with DIG-labeled probes would provide an estimate of
the gene copy number. Quantitative real-time expression analysis would help determine
the levels of expression of C-type lectin genes across different life-stages of R.
reniformis. in situ hybridization would help determine the site of expression of C-type
lectins in the sedentary female. Finally, phylogenetic analysis of C-type lectin domains of
various nematode groups would provide information on the evolutionary pattern and
indicate the possible function of C-type lectin domains of nematodes from various
groups.
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Materials and Methods
Southern Hybridization
Genomic DNA Digestion with Restriction Enzymes
About 12 µg of R. reniformis genomic DNA was digested individually with each
of the restriction enzyme combinations of EcoRI, MfeI-HF, EcoRI+MfeI-HF,
EcoRI+NdeI, MfeI-HF+NdeI, and EcoRI+MfeI-HF+NdeI (New England Biolabs,
Ipswich, MA), in a 35 µL reaction with NEBuffer 4 at 37°C for 12 hours followed by
inactivation of restriction enzymes at 65°C for 20 minutes. To confirm the CTL domain
and full-length gene sequences in the restriction fragments, 1 µL aliquots of all six
restriction digests were used as template to set up PCR reactions with CTL domain (RrCLD-F/R) and full-length gene (Con. 10-F/R) primers (Table 3.1) in 25 µL reactions with
undigested genomic DNA template as a positive control.
Genomic DNA Transfer and Fixation
About 10.6 µg each of R. reniformis genomic DNA digested with restriction
enzymes along with 100 ng of DIG Marker (Roche Applied Science, Mannheim,
Germany) was loaded on a 1% agarose gel (without ethidium bromide) with the lane
order : DIG marker, EcoRI digest, MfeI-HF digest, EcoRI+MfeI-HF digest, EcoRI+NdeI
digest, MfeI-HF+NdeI digest, and EcoRI+MfeI-HF+NdeI digest. The gel was run at 25 V
overnight to allow the separation of digested DNA fragments followed by incubation in
alkaline denaturing buffer (0.5 M NaOH, 1.5 M NaCl) for 30 minutes to allow the
denaturation of double stranded DNA fragments. The gel was washed in DI water
followed by soaking in neutralizing buffer (0.5 M Tris-HCl pH 7.0, 1.5 M NaCl) for 30
minutes. The gel was then soaked in 20X SSC buffer (3.0 M NaCl, 0.3 M Na Citrate) for
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30 minutes with slow shaking. A positively charged nylon membrane was wet in water
followed by a dip in 2X SSC for one minute and 20X SSC for five minutes. A
TurboBlotterTM (Schleicher and Schuell Bioscience, Dassel, Germany) was used to allow
transfer of the DNA onto the nylon membrane as per the following arrangement from
bottom to top: stack tray, 20 layers of GB004, four layers of GB002, one layer of
GB002*, nylon membrane, agarose gel, three layers of GB002*, buffer tray, buffer wick,
and wick cover at the top. The transfer was completed after five hours. The membrane
was gently washed in 2X SSC for five minutes followed by crosslinking under ’auto’
setting in a Stratagene UV Crosslinker. The membrane was briefly washed in water and
hybridized with DIG-labeled probe.
Digoxigenin-labeled Probe Synthesis and Quantification
Digoxigenin-labeled CTL domain and full length gene probes were synthesized to
hybridize restriction digests of R. reniformis genomic DNA. Using genomic DNA
template, CTL domain and full length gene products were amplified with the primers RrCLD-F/R and CLEC-F/R (Table 4.1), respectively, followed by gel elution and cloning
into pCR 4.0 TOPO vector (Invitrogen, Carlsbad, CA) and plated on LB-Agar/Ampicillin
(50 µg/mL) plates and grown overnight. Eight transformed colonies each of the CTL
domain and full-length gene insert were re-inoculated into 3 mL of LB/Ampicillin broth
in 10 mL culture tubes and incubated overnight on a shaker at 220 rpm and 37°C.
Plasmids were isolated from the cultures with PureLink Quick Plasmid Miniprep Kit
(Invitrogen) and quantified on a NanoDrop. The plasmids were sequenced for
confirmation of the CTL domain and full-length gene sequences in the respective
plasmids. One plasmid each with confirmed CTL domain and full-length gene inserts was
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used as template to set up multiple PCR reactions of 50 µL for the amplification of CTL
domain and full-length products. The PCR products were purified with the QIAquick
PCR Purification Kit (Qiagen, Valencia, CA), pooled, and loaded on 1.2% agarose gel.
The products were gel eluted and quantified on a NanoDrop. About 1 µg each of CTL
domain and full-length gene PCR product were digoxigenin-labeled with the addition of
4 µL of DIG High Prime (Roche Applied Science) in a 20 µL reaction volume and
incubated at 37°C for 20 hours. To adjust the pH to 8.0, 2 µL of EDTA was added to each
reaction. The reactions were inactivated by incubation at 65°C for 10 minutes. To
quantify the extent of DIG-labeling of probes, a dot blot was set up with a dilution series
of probes and control DIG-labeled DNA diluted with DIG DNA dilution buffer (0.5M
Tris-HCl , 0.5M EDTA, 0.05 μg/μL fish sperm DNA, pH 8.0) as per table 4.1.
Table 4.1

Dilution series of DIG-labeled probes

Tube #

Final Conc.
(pg/μL

DNA
(μL)

From
tube #

DNA Dilution
Buffer (μL)

Dilution
Fold

0
1
2
3
4
5
6
7
8

1000
10
3
1
0.3
0.1
0.03
0.01
0

2
15
5
5
5
5
5
0

0
1
2
3
4
5
6
-

198
35
45
45
45
45
45
50

1 : 100
1 : 3.3
1:10
1:10
1:10
1:10
1:10
-

One µL spots of serial dilutions of each DIG-labeled probe were applied on to a
positively charged nylon membrane followed by crosslinking with UV-light in a
Stratagene Cross Linker under standard setting. The membrane was then transferred to a
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plastic container and washed for two minutes with maleic acid buffer (0.1 M Maleic acid,
0.15 M NaCl, pH 7.5), 30 minutes in blocking solution (1X by dilution of 10X blocking
solution (Roche) 1:10 in maleic acid buffer), 30 minutes in antibody solution (AntiDigoxigenin-AP (Roche) diluted 1:5000 in blocking solution (1X prepared by dilution of
10X blocking solution (Roche) 1:10 in maleic acid buffer)), twice for 15 minutes each in
10 mL of washing buffer (0.1 M Maleic acid, 0.15 M NaCl, 0.3% Tween 20, pH 7.5)
followed by equilibration for five minutes in 10 mL of detection buffer (0.1 M Tris-HCl,
0.1 M NaCl, pH 9.5) and incubation in 2 mL of freshly prepared color substrate (40 μL of
NBT/BCIP stock (Roche) in 2 mL of detection buffer) in dark until color develops. The
reaction was stopped by washing in double distilled water for five minutes. The signal
intensities of the two probe dilutions were compared with the intensity of control DIGlabeled DNA (pBR328 DNA linearized with Bam HI) dilutions and the concentrations of
both DIG-labeled probes were visually estimated to be 109 ng/µL.

Figure 4.1

Dot-blot test of DIG-labeled probes for Southern hybridization

To estimate the efficiency of DIG-labeled C-type lectin full-length (CLEC) and domain
(CLD) probes over DIG-labeled control (pBR328) DNA (+) and DIG dilution buffer (-)
Hybridization
DIG Easy hybridization solution was prepared by adding 64 mL of water at 37°C
to bottle #7 of DIG kit. The optimum hybridization temperature (Topt.) of DIG-labeled
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domain and full-length probes were calculated as 46.1°C and 50.2°C, respectively using
the following equations:
Tm = 49.82 + 0.41 (% G+C) - (600/l)

(4.1)

where, l is length of hybrid in base pairs
Topt. = Tm - 20 to 25°C

(4.2)

The membrane was first hybridized with the C-type lectin full-length gene probe.
The membrane and the hybridization buffer were pre-heated in a hybridization cylinder in
a Stratagene hybridization oven at 46.1°C for 30 minutes. The DIG-labeled full-length
probe was denatured by boiling for five minutes followed by chilling on ice. About 4.6
µL (500 ng) of DIG-labeled full-length probe was added to 20 mL of pre-heated
hybridization solution and was replaced for the hybridization buffer in the hybridization
cylinder and incubated for 16 hours at 46.1 °C in the Stratagene Hybridization Oven.
Stringency Washes and Immunological Detection
After hybridization, the membrane was washed twice with shaking in 2X
SSC/0.1% SDS at 25°C for five minutes each followed by washing twice in 0.5X
SSC/0.1% SDS in a hybridization oven at 65°C for 15 minutes each. The membrane was
rinsed briefly for five minutes in washing buffer, incubated for 30 minutes in 150 mL of
blocking solution, incubated for 30 minutes in 20 mL of freshly prepared antibody
solution followed by washing twice in 100 mL of washing buffer for 15 minutes each.
The membrane was then equilibrated in 20 mL detection buffer for five minutes followed
by incubation without shaking in 15 mL of freshly prepared color substrate solution. The
reaction was stopped by washing the membrane in DI water. The hybridization was
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carried out fresh with the DIG-labeled CTL domain probe using a fresh restriction digest
of genomic DNA at a hybridization temperature of 50.2°C following the same procedure
as described for hybridization with DIG-labeled CTL full-length gene probe.
Quantitative Real-Time PCR
cDNA Synthesis and Dilution
First strand cDNA was synthesized from 500 ng of DNase-treated total RNA each
from six life-stages of R. reniformis (egg, J2, J3, J3/J4, adults, and sedentary female)
using the iScript TM Select cDNA Synthesis Kit (Bio-Rad, Hercules, CA) as per the
manufacturer’s instructions with slight modifications. Along with 0.5 µg of oligo (dT)1218

primer, 0.1 µM of R. reniformis 18S-specific primer (Table 4.2) was added to facilitate

normalization of RrCTL expression levels. A water template negative control reaction
was included. The cDNAs were diluted 1:10 with water to be used as template for
quantitative RT-PCR.
Primer Dilution and SYBR Green Mix
The forward and reverse primers used for quantitative real-time PCR were diluted
separately to 100 μM stocks. A 10 µM mix of forward and reverse primers was made by
adding 10 µL each of forward and reverse primers to a total volume of 100 µL. The iQ
SYBR Green Super mix (Bio-Rad) was used to measure the expression of C-type lectin
domain across six different life-stages of R. reniformis. The reactions were carried out in
triplicate in 96-well plates on a CFX96TM Real-Time System (Bio-Rad). The reaction
volume was 10 µL which included 5.0 µL of 2X iQ SYBR Green Super mix, 0.25 µL of
10 µM primer mix, 1.0 µL of 1:10 diluted cDNA template and 3.75 µL of water.
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For standard curve generation, a dilution series of 1:5, 1:25, 1:125 and 1:625 of
1:3 diluted cDNA derived from sedentary females was prepared and used to set up
separate reactions with qRr-18s primer pair of qRr-18S-F & qRr-18S-R (Table 4.2) and
qRr-CLD primer pair of qRr-CLD-F & qRr-CLD-R (Table 4.2). Standard curve slope and
R2 values for qRr-18S and qRr-CLD were (-3.449, 0.993) and (-3.496, 1.000),
respectively. For quantification of real-time expression of Rr-CLD three biological
replicates of cDNA from each life-stage were synthesized from separate RNA
extractions. For each set of cDNA from six life-stages, six unknowns and one no template
control reactions were set up in triplicate separately with qRr-18s and qRr-CLD primer
pairs. Normalized fold expression of Rr-CLD was calculated using the ΔΔCt method as
part of the Bio-Rad CFX TM Manager Software package (Bio-Rad).
Table 4.2

Primers used for qRT-PCR analysis
Primer Name
Rr18S
qRr18S-F
qRr18S-R
qRrCLD-F
qRrCLD-R

Primer Sequence (5' to 3')
AACCAGGGCGCTCATTGAGTCTTA
TCGCCACACTAACAAACCGT
GCAACAACTGCTCAACAACGCA
TGACCCGACCAAGGTGAAGAACAA
ACACTGCTCCCAACTTCTCGCTAT

in situ Hybridization
Synthesis of DIG-labeled Sense and Anti-sense Probes
Single-stranded DNA DIG-labeled sense and anti-sense probes were synthesized
by asymmetric PCR. Using cDNA of sedentary female as template, PCR was performed
to amplify R. reniformis CTL domain region using the primer pair Rr-CLD-F/R (Table
3.1). The PCR product was gel eluted, ligated into pCR 4.0 TOPO vector, and
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transformed into DH5-α E.coli cells. The transformed cells are plated on LBAgar/Ampicillin (50 µg/mL) and grown overnight at 37°C in an incubator. Individual
colonies from the plates were picked and inoculated into 3 mL of LB/Ampicillin
(50µg/mL) broth and grown overnight on a shaker at 220 rpm and 37°C. Plasmids were
isolated from the cell cultures using the PureLink Quick Plasmid Miniprep Kit
(Invitrogen) followed by sequencing to confirm the insert. Using the confirmed plasmid
as template, asymmetric PCR reactions were set up to synthesize single-stranded DNA
DIG-labeled sense and anti-sense probes. The PCR reactions were set up as follows: 3.0
µL of 10X PCR reaction mix, 3.6 µL of 25mM MgCl2, 3.0 µL of dNTPs (100 µM dATP,
100 μM dCTP, 100 μM dGTP and 50 μM dTTP), 1.5 μL of 1.0 μM DIG-11-dUTP, either
3.0 μL of 500 μM in situ Rr-CLD-F (sense) or 3.0 μL of 500 μM in situ Rr-CLD-R (antisense) primer, Rr-CLD plasmid template (150 ng), 2 units of AmpliTaq and water to
make a 30 μL reaction volume. The reaction conditions were (95°C denaturation for 3
minutes, 40 cycles of 95°C denaturation for 30 seconds, 58°C annealing for 30 seconds,
72°C extension for 30 seconds and 72°C final extension for 5 minutes). The asymmetric
PCR products were gel eluted and quantified on a NanoDrop. The sense and anti-sense
probes were examined for extent of incorporation of DIG-11-dUTP compared to control
DIG-labeled positive control DNA by performing a dot-blot test with a dilution series as
in Table 4.1. One µL spots of serial dilutions of each DIG-labeled probe were applied
onto a positively charged nylon membrane followed by crosslinking with UV-light in a
Stratagene Cross Linker under standard setting. The membrane was then transferred to a
plastic container and washed for two minutes with maleic acid buffer, 30 minutes in
blocking solution, 30 minutes in antibody solution, twice for 15 minutes each in 10 mL of
washing buffer followed by equilibration for five minutes in 10 mL of detection buffer
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and incubation in 2 mL of freshly prepared color substrate in dark until color develops.
The reaction was stopped by washing in double distilled water for five minutes.

Figure 4.2

Dot-blot test of DIG-labeled probes for in situ hybridization

To estimate the DIG-labeling efficiency of C-type lectin domain sense (S) and anti-sense
(As) probes over DIG-labeled control DNA (+) and DIG dilution buffer (-)
Collection and Fixation of Sedentary Females
The sedentary female stage of R. reniformis showed predominantly higher levels
of CTL expression; therefore, this life-stage was chosen to study the site of CTL
expression. Sedentary females were collected from the roots of the susceptible cotton
genotype FM-958 (Bayer) by agitating the roots cut into 2-3 cm pieces in a blender
followed by sieving with US standard sieve #200 and manual picking by visualizing
under a stereoscope. The collected sedentary females were surface-sterilized with 0.1%
mercuric chloride and 0.01% hibitane. The sterilized sedentary females were pelleted in a
1.5 mL tube and resuspended in 1 mL of the fixative [4.0 g of paraformaldehyde in 200
mL of M9 buffer (1.20 g Na2HPO4, 0.60 g KH2PO4, 1.0 g NaCl, 0.05g MgSO4.7H2O to a
total volume of 200 mL, set pH to 7.0 with 1M NaOH)] followed by transfer to a small
glass beaker and combined with an additional 4 mL of fixative. The sedentary females
were incubated at room temperature for 24 hours followed by incubation at 4°C for
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another 24 hours. The fixed sedentary females were concentrated in a 1.5 mL tube,
resuspended in 1 mL of M9 buffer, and stored at -80°C until cutting and permeabilization.
Cutting and Permeabilization of Sedentary Females
Fixed sedentary females were concentrated by centrifugation at 1,500 rpm for
three minutes and resuspended in 1 mL of 1:10 diluted fixative. 200 µL aliquots of the
diluted fixative with suspended fixed sedentary females were transferred onto a baked
glass slide and cut along horizontal and vertical planes with a baked scalpel. The cut
sedentary females were resuspended in M9 buffer at 4°C for three hours. The sedentary
females were then pelleted and treated with 500 µL of Proteinase-K (0.5 mg/mL final) at
RT for 30 minutes on a rotator followed by a wash with M9 buffer, concentrated, and
frozen on dry-ice for 15 minutes. The pellet was resuspended in 500 µL of cold methanol
and incubated on dry-ice for 30 seconds followed by centrifugation at 13,000 rpm for one
minute, resuspended in 500 µL of cold acetone, and incubated over dry ice for one
minute. The sedentary females were concentrated and the acetone supernatant was
removed until 100 µL was left and topped with nuclease-free water to make a final
volume of approximately 500 µL. The sedentary females were then washed with 500 µL
of in situ hybridization solution (50% de-ionized formamide, 2% SDS (20%), 1%
Boehringer blocking reagent (10%), 4X SSC (20X) [1M NaCl, 0.3M Na3Citrate, pH 7.2],
1X of Dendhart’s (100X) [2.5% ficoll, 2.5% polyvinylpyrolidone, 2.5% BSA], 1mM
EDTA, 0.2mg/mL fish sperm DNA, 0.166 mg/mL Yeast t-RNA) to remove residual
acetone. The pellet of sedentary females was resuspended in 500 µL of hybridization
solution and split between two 500 µL tubes @ 250 µL per tube. The two tubes were
marked ‘+’ for sense and ‘-’ for anti-sense and added with 100 ng of DIG-labeled single76

stranded DNA Rr-CLD sense and anti-sense probes to respective tubes and hybridized
overnight at 55°C in the Stratagene hybridization oven.
Post-hybridization Washes and Signal Development
The overnight hybridized sedentary females were washed twice with 4X SSC
buffer at 55°C, a wash with NTE buffer (500 mM NaCl, 10 mM Tris, 1mM EDTA, pH
8.0) at RT and followed by washing twice with 0.1X SSC/0.1% SDS at 55°C in the
Stratagene hybridization oven. The staining reaction was initiated by a wash with maleic
acid buffer (0.1 M maleic acid, 0.15 M NaCl, pH 7.5) for one minute at RT on a rotator
followed by incubation in 1% Boehringer blocking reagent for 30 minutes. The sedentary
females were then incubated in 1:1000 diluted anti-DIG antibody (in 1% blocking
reagent) for two hours, washed three times with maleic acid buffer (with 0.01% Tween20) and followed by a brief wash with alkaline phosphatase detection buffer (with freshly
added 0.5 mg/mL levamisole) (0.1M Tris, 0.1M NaCl, 50 mM MgCl2.6H2O, pH 9.5).
The sedentary females were then incubated overnight at 4°C in freshly prepared
NBT/BCIP substrate solution (Roche) (3.4 μL NBT stock-100 mg/mL + 3.5 μL of Xphosphate stock to 1 mL of alkaline phosphatase detection buffer + 0.5 mg/mL
levamisole). The staining reaction was stopped by washing the sedentary females with DI
water (0.01% Tween-20). The sedentary females were resuspended in 40 μL of water and
aliquots of 10 μL each were transferred to a glass slide for observation under a dissecting
microscope.
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Phylogenetic Analysis
C-type Lectin Domains from Various Nematode Groups
The domain sequences of C-type lectins from different nematode species were
obtained from GenBank and Wormbase databases. The various groups of nematodes
chosen for the phylogenetic analysis included plant-parasitic, animal-parasitic, free-living
and symbiotic nematode species. The nematode species within each group included in
our study are listed in table 4.3. Multiple C-type lectin members were found in the freeliving species Caenorhabditis elegans while only one was found in other species of the
genus Caenorhabditis. Two or more C-type lectins were also selected from some other
plant and animal parasitic nematodes. Some C-type lectins had more than one domain
sequence which is indicated by the suffix ‘b’ in the phylogenetic tree. The numbers in the
middle of the name in the phylogenetic tree indicate the C-type lectin member of that
particular nematode species. The phylogenetic tree was constructed from CTL domain
sequences of different nematodes (Table 4.3) by neighbor joining method (Saitou and
Nei, 1987) using ClustalW. A bootstrap consensus tree was created from 1000 replicates.

78

Table 4.3

Nematode species included for C-type lectin domain phylogenetic analysis

Nematode Group

Database / Accession No.

Scientific Name

GenBank: AF498244.1

Heterodera glycines

GenBank: CB278872.1
Plant-parasitic

GenBank: BM416157.1

Globodera pallida

GenBank: GO250961.1

GpCTL-1-D
GpCTL-2-Da/b
RrCTL-D

GenBank: ACS37721.1

Heligmosmoides polygrus

HpCTL-1-D

Nippostrongyles braziliensis
Haemonchus contortus

GenBank: CB333334.1

NbCTL-1-D
NbCTL-2-D
HcCTL-1-D
BmCTL-1-D

GenBank: EDP39140.1
Brugia malayi

GenBank: EDP35519.1

BmCTL-2-D
BmCTL-3-D

GenBank: EDP34361.1
Toxocara canis

GenBank: HO243989.1
WormBase:WBGene00015193

Caenorhabditis elegans

WormBase:WBGene00010928

Symbiotic

HgCTL-2-D

Rotylenchulus reniformis

GenBank: ACS37723.1

Free-living

HgCTL-1-Da/b

GenBank: GT738009.1
GenBank: ACS37722.1

Animal-parasitic

Domain

TcCTL-1-D
CeCTL-117-D
CeCTL-258-D

WormBase:WBGene00010928 Caenorhabditis ramanaei

CrCTL-1-D

WormBase:WBGene00058889 Caenorhabditis japonica

CtCTL-1-D

WormBase:WBGene00136887

Prystonchus pacificus

PpCTL-1-D

WormBase:WBGene00102518

Laxus oneistus

LoCTL-1-D

Results
C-type Lectins Exist as a Gene Family
Southern hybridization of DIG (digoxigenin-11-dUTP)-labeled C-type lectin
domain and full-length gene probes to restriction enzyme-digested R.reniformis genomic
DNA showed at least three regions of hybridization in each of the restriction digests.
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Both probes indicated a minimum of at least three homologs of the C-type lectin gene in
the R.reniformis genome (Fig. 4.3).
Sedentary Females Show High-level Expression of C-type Lectin
To determine the relative fold expression of C-type lectin genes across different
life-stages of R. reniformis, quantitative real-time RT-PCR (qRT-PCR) was performed.
Total RNA was isolated from six life-stages - egg, J2, J3, J3/J4, vermiform adult (a mix
of adult males and infective females) and sedentary female. The cDNAs synthesized were
used as template in qRT-PCR reactions with qRrCLD-F/R primers (Table 4.2). The
expression of C-type lectin was normalized against Rr18S rRNA. Life-stage specific CTL
expression was determined relative to that in the vermiform adult stage which was set
equal to 1.0. Quantitative PCR analysis showed predominantly high levels of CTL
expression in the sedentary female stage while some degree of expression was observed
in all other stages (Fig. 4.4). The relative fold expression levels for different stages were
observed to be as egg (21.5), J2 (7.1), J3 (2.2), J3/J4 (1.7) and sedentary female (4135).
The expression in the sedentary female stage was about 192-fold higher than that in the
egg stage.
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Figure 4.3

Southern Blot of reniform nematode genomic DNA

With digoxigenin-labeled (a) RrCTL full-length gene probe (b) RrCTL Domain probe.
Lane M is DIG-labeled DNA marker with the size of individual fragments indicated on
the left. The next six lanes are loaded with approximately 10.6 µg of genomic DNA
digested with restriction enzymes indicated on top of each lane. Examples of hybridizing
bands are indicated with the pointers in the first and sixth sample lanes of each blot.
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Figure 4.4

Quantitative RT-PCR expression analysis of C-type lectin

The mean expression ± standard error fold expression values from three technical
replicates of Rr-CTL domain (Egg=21.5, J2=7.1, J3=2.2, J3J4=1.7, Sedentary
Female=4135) relative to that in vermiform adult (set = 1.0). cDNA was generated from
R. reniformis eggs, J2, J3, J3+J4, vermiform adult (a mixture of males and pre-parasitic
females), and sedentary females. Rr-CLD domain expression was normalized to the level
of 18S rRNA in each sample. This experiment was repeated twice with similar results.
C-type Lectins Expressed on Exposed Surface of Sedentary Female
in situ hybridization of fixed sedentary females with DIG-labeled anti-sense CType lectin domain probe showed expression all over the body of the sedentary female
exposed to the external soil environment (Fig. 4.5). Hybridization with the DIG-labeled
sense probe did not develop any signal. The anterior region of the nematode embedded
into the plant root tissue did not show any expression of C-type lectin.
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in situ Hybridization of fixed sedentary females of reniform nematode

(a)Hybridization with DIG-labeled anti-sense single stranded DNA probes showing signal from hybridization.
(b)Hybridization with DIG-labeled sense single stranded DNA probes did not show any hybridization signal.

Figure 4.5

C-type Lectin Domains of Distinct Nematodes Grouped Together
The C-type lectin domains of different nematode groups fell into separate
branches characteristic of their feeding nature with each branch comprised of the
members from each group of nematodes (Fig. 4.6). However, the free-living nematode
Caenorhabditis elegans and the human-parasitic nematode Brugia malayi grouped
together separately from the nematodes of their respective natures. The symbiotic
nematode Laxus oneistus lay as an outlier distantly placed from all other nematodes at the
top of the phylogenetic tree. All plant-parasitic nematodes were grouped together in one
branch as were the animal-parasitic nematodes and free-living nematodes placed in
separate individual groups.
RrCTL domain was closely related to the second domain of CTL-1 than with the
only domain of CTL-2 of Heterodera glycines and was less similar to CTL domains of
Globodera pallida, the other plant-parasitic nematode included in the study. RrCTL
domain spread out as a separate branch while other plant parasitic nematode CTL
domains lay in closely related branches however in the same group together. The plantparasitic nematode group was placed closer to the animal-parasitic nematode group than
with the free-living nematode group.
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Figure 4.6

Phylogenetic analysis of C-type lectin domains of nematode groups

Neighbor Joining method was used to create a bootstrap consensus tree inferred from
1000 replicates. Placement of Rr-CTL-D within the tree is indicated by ( ). The no.(X)
of CTL from each species is indicated as CTL-X. If a CTL had more than one domain,
the first domain is indicated as ‘Da’ and the second as ‘Db’. The nematode groups
included for analysis are (i) Plant-Parasitic - Hg (Heterodera glycines), Gp (Globodera
pallida), Rr (Rotylenchulus reniformis). (ii) Animal-Parasitic - Hp (Heligmosmoides
polygrus), Nb (Nippostrongyles brasiliensis), Hc (Haemonchus contortus), Bm (Brugia
malayi) and Tc (Toxocara canis). (iii) Free-living - Ce (Caenorhabditis elegans), Cr
(Caenorhabditis remanei), Cj (Caenorhabditis japonica) and Pp (Prystonchus pacificus).
(iv) Symbiotic - Lo (Laxus oneistus).
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Discussion
At least three homologs of C-type lectin gene exist in the genome
Southern hybridization demonstrated the presence of at least three homologs of Ctype lectin homologs in the genome of reniform nematode, Rotylenchulus reniformis.
This observation confirmed the existence of multiple family members as also found with
our sequence analyses. Many family members of C-type lectins have been identified in
all life forms including nematodes. In the tissue dwelling animal parasitic nematode
species Toxocara canis, TES-32 ad TES-70 were identified as excretory/secretory
products with a carbohydrate recognition domain and found to be homologous to
members of the immune system of humans thus resulting in evading the immune
response from the host (Loukas et al., 2000; Maizels et al., 2000). In the Zhikong scallop
Chlamys farreri, three different C-type lectin members CfLec-1, CfLec-2 and CfLec-3
were identified in various tissues which had a conserved carbohydrate recognition
domain and relied on Ca+2 for ligand-binding (Yang et al, 2010, 2011; Zhang et al.,
2009a; Zheng et al., 2008).
With only three prominent bands shown in the Southern blot while the sequence
analysis showed 11 different RrCTLs in the genome of R. reniformis, the discrepancy can
be attributed to the low percent sequence variation among RrCTLs. This might result
from the multiple hybridizations of the larger sized restriction fragments (>10 kB) which
probably contains more than one copy of CTL, with both the full-length and domain
probes resulting in only three prominent bands as seen on the blot (Fig. 4.3) which leads
to speculate that there are at least three homologs of C-type lectin gene in the genome of
R. reniformis.
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With only three prominent bands shown in the Southern blot while the sequence
analysis showed 11 different RrCTLs in the genome of R. reniformis, the discrepancy can
be attributed to the low percent sequence variation among RrCTLs. This might result
from the multiple hybridizations of the larger sized restriction fragments (>10 kB) which
probably contains more than one copy of CTL, with both the full-length and domain
probes resulting in only three prominent bands as seen on the blot (Fig. 4.3) which leads
to speculate that there are at least three homologs of C-type lectin gene in the genome of
R. reniformis.
Expression of RrCTLs in Sedentary Females
We found RrCTL expression to be greatest in the sedentary female stage
compared to all other life-stages by quantitative RT-PCR. This finding is in close
agreement to data obtained from a sedentary female cDNA library (Wubben et al., 2010),
which showed the C-type lectin EST sequence to be one of the more prevalent sequences
discovered. We observed that RrCTL expression decreased gradually from the egg to
vermiform adult stage and increased tremendously in sedentary females. The relatively
low level of expression in the juvenile life-stages might be because of the protection
offered by residual cuticles against microbes. CTLs are known to play an important role
in immune-related responses in most organisms. The high level of expression in
sedentary females could be attributed to the role of CTLs in immune responses as
observed in the orange-spotted grouper, Epinephelus coioides, whose CTL expression
was up-regulated upon exposure to Saccharomyces cerevisiae, Vibrio vulnificus,
Staphylococcus aureus, and Singapore grouper iridovirus (Wei et al., 2010). However,
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this does not explain the low level expression in the vermiform adult stage of R.
reniformis.
in situ hybridization of reniform nematode sedentary females leads to the
speculation that CTL transcript is mainly expressed in the hypodermal region of the
exposed posterior region of the body with no localization seen in the anterior stylet region
that is embedded into the host-root tissue. in situ hybridization has been used in the past
to locate the sites of expression of many parasitism genes such as cellulase in soybean
cyst nematode, with digoxigenin-labeled RNA probes which indicated its site of
expression to be in the sub-ventral esophageal glands (Boer et al., 1998). Also, in
humans, co-receptors and C-type lectin receptors of HIV virus, including langerin, DCSIGN and mannose receptor were found through in situ hybridization to be expressed in
the endo-cervical epithelium, intraepithelial epithelial cells and the sub-mucosa of the
endocervix in humans (Hirbod et al., 2011). in situ hybridization has also been used to
localize AceCTL-1, a male-gender specific C-type lectin from the hookworm parasite
Ancylostoma ceylanicum identified in the sperm and soluble protein extracts of the adult
male hookworm, in the testes in males and spermatheca and developing embryos in
females (Brown et al., 2006).
During the sedentary female stage, eggs are laid in batches and covered in a
mucilaginous matrix around the sedentary female. The matrix is speculated to offer
protection to the eggs against unfavorable environmental conditions and infection by
microbial pathogens. Sequence analyses showed that RrCTL genes are likely secreted.
This data coupled with our in situ hybridization findings may suggest that RrCTLs are
secreted onto the cuticle of R. reniformis where they might be aiding in host-recognition
as well protecting against microbial infection by initiating innate immune responses,
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especially during the late infective stages as has been observed in other organisms. The
release of C-type lectin genes by infective stages of parasitic species has led to postulate
that they act in an ‘offense’ capacity (Loukas and Maziels, 2000).
C-type lectin genes have also been found to play the role of feeding receptors in
recognizing prey in the marine dinoflagellate Oxyrrhis marina (Wootton et al., 2007), in
eastern oyster Crassostera virginica (Jing et al., 2011) and in the amoeba Acanthamoeba
castellani (Allen and Dawidowicz, 1990). Our finding of high-level CTL expression in
sedentary females, the parasitic life-stage, may suggest that RrCTLs play a similar role in
the plant-reniform nematode interaction. The absence of expression in the anterior region
embedded in the host-root tissue probably indicates the non-challenge by microbes which
did not induce the expression. Similar results of site-specific expression were obtained
from red swamp cray fish which showed expression of CTLs mainly in the hepatopancreas and gills, the regions of reported immune function and high exposure to the
external environment (Zhang et al., 2011) and in bay scallop in hepato-pancreas and
hemocytes which participate in immune-related responses (Kong et al., 2011).
Phylogeny of C-Type Lectin Domains
RrCTL domains were found to be closely related to C-type lectin domains of
other plant-parasitic nematodes and distantly related to those from a free living nematode
Caenorhabditis elegans and symbiotic nematode Laxus oneistus. The separate clustering
of RrCTL domains from different groups of nematodes indicates the possible
evolutionary divergence among the clusters with different functions adapted in the
developmental course. The two functions of pathogen recognition and cellular adhesion
mediated by C-type lectins showed marked differentiation after molluscs in phylogeny
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probably marking a divergence in function (Yang et al., 2010). C-type lectin from bay
scallop shares homology with C-type lectin genes of mollusks as well as some C-type
lectin genes in fish (Kong et al., 2011). This suggests that C-type lectin genes among
closely related organisms with similar morphological and physiological characteristics
might be evolutionarily related as seen in TES-32 in Toxocara canis whose structural
similarity to host immune-related C-type lectins such as macrophage mannose receptor,
E-selectin and MBP-A, with a Cys-rich N-terminus and a C-terminal CTL domain are
suspected to contribute to evasion of host immune responses (Loukas et al., 1999).
Although C-type lectins from gastrointestinal nematodes, one from
Heligmosmoides polygrus and two from Nippostrongylus brasiliensis showed homology
to C-type lectins of C.elegans and mammals (Harcus et al., 2009), they were placed
distantly apart in the phylogenetic analyses of CTL domains which indicates that there
might be homology in regions beyond the domain, although their role in not yet known.
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CHAPTER V
SUMMARY
The crucial findings of the study conducted have definitely provided a positive
advancement towards understanding the structure and expression pattern of C-type lectin
(CTL) genes in reniform nematode, a semi-endoparasitic nematode causing significant
economic losses in important fiber crops like cotton. Identification and characterization
of CTL genes in reniform nematode has aided in understanding their significance in
different life stages, especially in the sedentary female stage. The 11 CTL gene family
members identified across six different life-stages of reniform nematode indicate the
possibility of each member playing a significant role in the development of the nematode
and its parasitic establishment with host plant. The conserved sites identified for binding
of Ca+2 and mannose indicate the ligand specificity of CTLs identified in reniform
nematode. The real-time expression analysis of CTLs identifies sedentary female stage
with highest level of expression indicating it as the most sensitive stage to microbial
infection, and so as the stage to target for management of reniform nematode. The site of
secretion of CTLs in the sedentary female stage identified as the hypodermal region of
the exposed posterior body region indicates a possible role in immune response upon
receiving stimulus from infecting microbial pathogens. Phylogenetic analyses of C-type
lectin domains of various nematode groups indicate the possibility of co-evolution and
probably a common function of plant-parasitic nematode CTLs in establishing parasitic
relationship with host plants. Expression studies under soil microbe inoculated conditions
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would verify the role of CTLs in immune responses with expected increased expression
levels under induced conditions. The role of CTLs in the development and in the innate
immune system of R. reniformis could be elucidated through gene silencing experiments.
Further characterization involving glycan microarray analyses and protein assays would
help better understand the ligand specificity and expression patterns of C-type lectins
across different life-stages, especially their role in the vermiform adult stage in
identifying the host plant species. Developing transgenic cotton plants with the delivery
mechanism for silencing CTLs in the infecting adult female R. reniformis would provide
evidence for the role of CTLs in facilitating infection in addition to their role in innate
immune response.
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